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ABSTRACT 
 
 
 
Maintaining security and reliability in the electricity supply is fundamental to the functioning 
of a modern society and drives the need for adequate transmission capacity for both market 
participants and customers. Planning the investment in transmission has always been a 
complicated undertaking due to the high development costs and long lead times. Furthermore, 
to anticipate the future needs of customers is a task as difficult as that of cost-effective 
planning and construction of new facilities. Trying to find treatments for some of these issues 
represents a major motivation for this thesis. 
 
This thesis investigates the problem of how much reinforcement a transmission system 
requires when a significant proportion of wind generation is integrated into an existing 
transmission system. A multi-period transmission planning model is developed for 
determining optimal transmission capacity by balancing amortised transmission investment 
costs and annual generation costs subject to network security constraints, The model employs 
the security-constrained DC optimal power flow formulation and applies a solver 
(DashXpress) to obtain the results of the remaining linear large-scale optimisation problem.  
 
This thesis begins by exploring the impact of wind generation on the determination of 
appropriate levels of system capacity on the transmission network starting from the premise 
that it is no longer cost effective to invest in sufficient network capacity to accommodate 
simultaneous peaks from all generators. As such, a significant finding of this study is that 
conventional and wind generation should share network capacity. Given the acknowledged 
increase in uncertainty to security of supply due to difficulties in wind generation forecast this 
thesis also explores the optimal sourcing of generation reserve, and investigates investment in 
transmission capacity to exploit the cost benefits offered by standing reserve. 
 
Finally, the thesis presents and evaluates an alternative associated with transmission operation 
and investment level of risk and uncertainty by introducing more flexibility to the way the 
transmission system is operated. Application of Quadrature Boosters and Demand Side as 
model of corrective control, brings savings in operating costs without jeopardizing the level of 
system security, enables better utilisation of existing facilities and reduces the demand for 
new transmission investment. 
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CHAPTER 1 
Introduction 
Optimizing transmission investment is a complex task where evaluating possible development 
schemes involves comprehensive technical, economic and reliability assessments that balance 
transmission investment costs, generation operating costs (cost of congestions) and cost of un-
supplied demand due to lack of capacity and availability of transmission. In practice, 
engineers tend to use simpler deterministic planning guides. These guides present a proxy of 
the comprehensive cost and benefit assessments to determine the amount of capacity adequate 
for transporting power across various transmission system boundaries given a predefined set 
of generation and demand scenarios. The key underlying philosophy of such standards is 
associated with system reliability. The standards centre on the requirement that the 
transmission capacity between the system boundaries should be sufficient to ensure that 
generators remote from demand centres are not unduly restricted from meeting system 
demand.  
 
The present Great Britain Supply and Quality Security Standards (NETS SQSS) were derived 
from the CEGB transmission planning and operational standards that were developed in a 
centrally planned generation and transmission utility1.  
                                                 
1 The planning standard of security used for the transmission network was set out in 1976 (PLM-SP-2). In broad 
terms this standard sets out a procedure for identifying required levels of transmission capacity for circuits 
interconnecting zones in the network, the smaller of which has a demand of 1,500 MW or more. The security 
standard requires that in the event of a forced outage on any one circuit at the time of peak demand a transfer can 
be carried equivalent to a so-called ' Planned Transfer' (which represents the CEGB's central estimate of power 
flows across inter-zonal boundaries on the network), plus an ' Interconnection Allowance'. In the event of a forced 
outage on two circuits, the criteria require that the Planned Transfer and 50% of the Interconnection Allowance can 
be carried. Under the operation of the system the magnitude of transfers can be affected by uncertainties such as 
weather conditions, other sources of demand forecasting error and generating plant availability; these affect the 
regional balance of available generation and the regional balance of demand. The uncertainties give rise to a need 
to plan for further increments of transmission capacity in addition to the estimated Planned Transfers. The planning 
standard PLM-SP-2 sets out a method for calculating these additional increments, which are called Interconnection 
Allowances. 
2 
This approach has been routinely used for assessing the need for transmission reinforcements 
in systems supplied by conventional generating units because these plants have a high 
availability factor during peak demand conditions (typically 83%, given a capacity margin of 
20%). However, a considerable amount of intermittent generation (e.g. from wind farms) is 
expected to be connected to the grid in near future. Consistent with the Government’s drive 
for growth in renewable generation a high proportion of the 26.2GW of contracted future 
large or directly connected generation projects are wind farms, either onshore or offshore. 
Around 43% of the projected 11.1GW growth in such wind farm installed capacity is located 
in Scotland. Overall, wind farm capacity, both embedded and directly connected, is projected 
to grow from 5.0GW (2.1GW embedded and 2.9GW large/transmission connected) in 
2009/10 to 16.0GW by 2015/16 with all the growth (11.1GW) coming from 
large/transmission connected plant. Embedded wind is seen by National Grid Electricity 
Transmission (NGET) as negative demand and as a consequence is netted of the demand 
within the distribution networks (Seven Year Statement, NGET, 2009). 
 
Given the limited contribution that such plants can make to the security of the system and 
their low availability factors, the underlying assumptions behind the present planning process 
may no longer be satisfied. Their validity must be re-examined and appropriate modifications 
made.  
 
Applying the same rules to both conventional and intermittent generation when using the 
concepts of planned transfer and interconnection allowance is likely to lead to over 
investment in transmission when the wind generation is located in an exporting area. On the 
other hand, treating intermittent generation located in an importing area like conventional 
generation would lead to under investment in transmission and could result in a significant 
increase in the risk of loss of supply.  
 
The overall objective of this research is to explore the fundamental drivers of transmission 
investment and the requirements of the future GB system with significant penetration of wind. 
A subsidiary objective was to develop methodologies, techniques and models to facilitate the 
analyses and to quantify the optimal network capacity needed for the cost effective integration 
of wind generation in the GB electricity system. 
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1.1 Reliability Driven Transmission Capacity 
 
In most instances, planners conforming to reliability standards use conditions of peak demand 
to drive the design of network capacity at major transmission boundaries. This boundary 
capacity is composed of two components: (i) capacity to carry peak flows characterized by 
expected (average) generation dispatch during peak demand conditions (planned transfer); 
and (ii) additional capacity enabling generation in one area to support the load in another area 
following generation outage. This approach ensures that network capacity is sufficient to 
allow generation to meet peak demand under most circumstances. 
 
In many systems, the reliability standard is defined in terms of the statistical probability that 
consumers of electricity may be faced with the loss of their supplies due to insufficient 
generation. This is measured by the loss of load probability index (LOLP). For example, in 
the GB system, the generation adequacy standard set the probability of the annual peak load 
not being supplied at 9%2. This was often interpreted as the likelihood of peak demand 
exceeding the available generation being at most 0.09, or that generation shortages should not 
occur in more than 9 winters in one hundred years. This calculation was based on the 
probability of there being insufficient generation to meet demand, however, the risk of 
interruptions will also be affected (and will increase) in the presence of a finite transmission 
network capacity (i.e. an optimally constrained network). 
 
From a network perspective, an underlying philosophy of transmission network planning (for 
systems with conventional generation) is to ensure the adequacy (reliability) of supply. This 
centres on the requirement that transmission capacity across system boundaries should be 
sufficient to ensure that generators in remote areas are not unduly restricted from contributing 
to security of supply of loads (the basis of the NETS SQSS proxy). On this basis, the average 
power transfers on the system at peak demand conditions will be determined by the average 
local plant/demand balances. These power transfers can be obtained by scaling all generation 
throughout the system to meet the forecast peak demand (to take account of the generation 
margin). For example, under a central planning approach, this scaling factor would simply be 
the inverse of the plant margin. Thus if the margin were 20% the scaling factor applied to 
generation would be 1/1.20 = 0.83. 
 
                                                 
2 Instead of representing the year by 365 daily peaks, the more popular 260 or so “working days” peaks or some 
other arrangement, the statement of LOLP is directed at just one daily peak, namely, that on the day of the annual 
peak demand. The risk of failure will be confined to a very limited number of winter days of high demand, the 
ability to meet the highest of these demands with a suitably low probability of failure implying an ability to secure 
margins of acceptable size in the remainder of the year also.  
4 
In reality, the system is unlikely to require this “average” interconnection value at all 
boundaries across the whole system.  This deviation from the average is allowed for by 
adding a margin to the planned transfer. In the GB system, the appropriate margin called 
interconnection allowance was determined empirically by the observation of actual inter-area 
flows which allowed the construction of a relationship between the likely maximum required 
transfer and the generation and demand in the smaller of the two areas under consideration. 
 
The risk (probability) that the transmission system capacity will be insufficient to meet the 
demand is quantified using the methodology for the reliability evaluation of interconnected 
systems (Billington and Allan, 1984). This risk reduces sharply with the increase in 
transmission capacity between the two areas. However, at a certain level of transmission 
capacity, the risk converges to a value that represents the minimum risk that such an 
interconnected transmission system can have under given conditions (i.e. there is a point at 
which increasing transmission capacity can no longer improve the probability of loss of 
supply).  
 
The focus of the NETS SQSS is on the development of a network that guarantees high levels 
of reliability. Economic efficiency of network development is also important, but the priority 
of reliability generally ensures that network reinforcements that meet reliability standards will 
exceed the capacity required if only economic efficiency is considered. The key underlying 
philosophy of the NETS SQSS is that generation in one area of the interconnected 
transmission system should not be unduly restricted from contributing to securing supply for 
loads in a remote area, via the interconnected system. If necessary, this requirement drives 
reinforcement of the network to ensure that this criterion can be met. To do this, network 
planners traditionally would consider conditions of peak demand to determine the need for 
transmission network capacity across the major transmission boundaries based on these 
reliability requirements.  
 
Although wind generation will displace the energy produced by conventional plant its ability 
to displace the capacity of conventional generation for security is limited. This is because 
contribution of wind towards securing peak demand will be limited as the availability of wind 
generation at a particular moment is much less ‘reliable’ than conventional plant. The ability 
of wind generation to displace capacity of conventional plant is the key to answering the 
question as to how much transmission should be built for it (from the security of supply 
perspective). Because of this limited contribution to securing peak demand, wind generation 
will drive much less transmission capacity than conventional plant. 
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As was mentioned the existing NETS SQSS were developed for conventional generation and 
considers contributions to the system at times of peak loading to be the primary driver for 
reinforcement of the network. The current standard presumes that because conventional 
generation is load-following, that plant will be operating at close to maximum output at times 
of peak demand. A scaling factor is applied to modify output according to expected load 
factors e.g. conventional generation has a scaling factor of 0.83, wind generation a factor of 
0.6 and this is used to calculate the capacity requirements for a system with a given installed 
generation capacity and demand requirements.  
 
The scaling factor for wind currently applied by the NETS SQSS equates to an equivalent 
capacity credit of around 60%. The result of this allocation is an overestimation of capacity 
required in exporting areas, but underestimation of capacity in importing areas. The current 
NETS SQSS would tend to overestimate the contribution that wind is making to reliability, 
and build more transmission than is necessary. The range of numbers that would appropriate 
to use in the context of the present NETS SQSS was found to be relatively small, between 
20% and 35%, depending on the penetration level and the diversity of wind power output. 
 
1.2 Economics Driven Network Capability in Systems 
with Wind Generation 
 
 
Historically, reliability driven design of the transmission network to meet peak demand 
requirements has also delivered an economically efficient solution. However, the standards 
that drive this design were devised for a system dominated by conventional, high capacity 
value generators making a significant contribution to meeting peak demand conditions. Under 
these circumstances, a system designed for reliability results in a relatively unconstrained 
system that enables simultaneous output of close to full capacity from all generators on the 
system. In the emerging system with a high penetration of wind, this approach of designing 
networks to maintain system reliability is no longer the main driving factor for specification 
of transmission network design.   
 
High penetration of low capacity value generation such as wind requires existing conventional 
generation to remain on the system to ensure that sufficient transmission capacity is available 
during demand peaks. Thus, the emerging system will feature an increasingly large generation 
capacity margin which exceeds demand by a significant amount. Under these conditions, it is 
clearly not economically efficient to invest in sufficient network capacity to accommodate 
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simultaneous peaks from all generators as there would never be sufficient demand to absorb 
this generation.   
 
The basis upon which efficient transmission capacity is determined will depend on the 
relative magnitude of the (marginal) cost of constraints versus (marginal) cost of transmission. 
Broadly, as wind generation has zero marginal cost it is not justified to subject it to significant 
constraints. In other words, the cost-benefit analysis demonstrates that it is more economic to 
invest in transmission network reinforcement than constrain wind generation significantly. 
Therefore, in systems with wind generation, the requirement for economic efficiency 
(ensuring demand can access low cost generation) is likely to drive larger transmission 
capacities than reliability considerations. Hence, the reliability of the network will be higher 
than that in the present system, as additional capacity over and above that required by 
reliability will be justified on the grounds of economic efficiency.  
 
Cost Benefit Analysis (CBA) is already a component of the current NETS SQSS and used to 
balance the costs of transmission investment against the benefits of reinforcement (i.e. 
reduction of constraint costs over the life span of the investment). However, to date (in the 
system with conventional generation), there are only limited examples where additional 
transfer capability beyond that deemed necessary to meet reliability considerations was 
justified on the grounds of economic efficiency. Therefore, a key practical implication of this 
change in emphasis from reliability to economics driven network design is in the derivation of 
an efficient and transparent CBA methodology for incorporation in the network design 
standards.   
 
Although the interpretation is a highly debated issue, there is a licence obligation on the GB 
transmission system operator to provide “economic and efficient” transmission; this seems to 
be a perfect answer to the risk of excessive infrastructure costs since excessive constraint 
costs would be addressed. It can be concluded that sufficient or adequate transmission 
capacity is important for efficient operation of electricity markets, cost of energy and 
reliability of supply.  
 
In this thesis, the first research question is associated with the deterministic network planning 
and operational standards. To determine whether penetration of non-conventional generation, 
such as wind power at transmission level will expose further inadequacies of the existing peak 
demand driven deterministic standards and understanding the impact, the non-conventional 
generation have on transmission network investment.   
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The specific objectives to respond to this question are to:  
 investigate what is the impact of non-conventional (wind) generation on the transmission 
network capacity  
 identify the drivers for impact of non-conventional (wind) generation on the transmission 
network capacity  
 
1.3 Transmission capacity for generation reserve in a 
system with wind generation 
 
 
Renewable and other low carbon energy sources will have to become a major part of the 
future UK electricity generation system if a significant reduction in CO2 emission is to be 
achieved. Although penetration of intermittent renewable resources and other forms of 
distributed generation by 2020 and beyond may displace significant amounts of energy 
produced by large conventional plant, concerns over system costs are focussed on whether 
these new generation technologies will be able to replace the capacity and flexibility of 
conventional generating plant. As intermittency and non-controllability are inherent 
characteristics of renewable energy based electricity generation systems, the ability to 
maintain the balance between demand and supply has been a major concern. 
 
One interesting question is to examine the contribution that intermittent generation can make 
to system security or, in other words, to examine the amount of capacity of conventional plant 
that can be displaced by intermittent renewables whilst maintaining the same degree of 
security. In the SCAR study (Ilex & Strbac, 2002), such an analysis was carried out and the 
results are summarised here. The intermittent behaviour of wind was statistically assessed 
from the frequency distribution of GB wind generation, based on a sample of historic wind 
generation data. The behaviour of conventional units and wind generation were then 
statistically combined, enabling the risk of peak demand exceeding available generation to be 
assessed. This analysis was then employed to calculate the minimum capacity of conventional 
generation necessary to ensure that the risk of loss of supply is not greater than the 9% in the 
combined conventional and wind generation system. 
 
Meeting a variable load with intermittent, and/or uncontrolled and/or inflexible generation 
(such as wind generation) will be a challenge for secure operation of the sustainable 
electricity systems of the future. Furthermore, the location of these new sources will be of 
considerable importance in assessing the impacts on the transmission network. Potentially, 
operational problems would arise from two principal causes, namely, the intermittent nature 
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of the outputs of new generation (such as renewable generation) and the location and 
remoteness of this generation relative to centres of demand. The amount of additional 
resource required to manage unscheduled wind generation will not be on a ‘megawatt for 
megawatt’ basis. The key factor here is the diversity – the phenomenon of natural aggregation 
of individual wind farm outputs. The output of individual wind turbines is generally not 
highly correlated, particularly when wind farms are located in different regions. 
 
The magnitude of changes in wind output will strongly depend on the time horizon 
considered. Statistical analysis of the changes in wind output (forecast error) over various 
time horizons can be performed to characterise the uncertainty of wind output. The 
fluctuations of wind power output are usually described in term of standard deviation of 
changes of wind output over various time horizons. Table 1.1 presents the standard deviations 
of wind output for a system with 26GW of installed wind generation capacity for time 
horizons from half hour to 4 hours. The likely maximum changes covering 3-4 standard 
deviations are also presented in the table. These would indicate the amount of reserve 
required to cover more than 99% of fluctuations. 
 
For the time scales from several seconds to a few minute time spans, the fluctuation of the 
overall output of wind generation will be small, given the considerable diversity in outputs of 
individual wind farms. In these very short time scales, the dominant variability factor is the 
potential loss of conventional plant, rather than fluctuations in wind power.  
 
Table 1.1 Characterising fluctuation of wind output for 26GW of installed capacity of wind 
generation. 
 
Lead hours (h) 
Standard deviation 
(MW) 
Likely 
maximum 
change (MW) 
Extreme change 
(MW) 
0.5 360 1090-1450 2600 
1 700 2100-2800 3950 
2 1350 4050-5400 6550 
4 2400 7200-9650 13550 
 
For examining extreme variations in wind generation outputs the largest changes in wind 
output are analysed. For 26 GW installed capacity of wind, the single most extreme changes 
observed in the model data are given in Table 1.1 and as expected, these variations in wind 
output will increase with the time horizon considered. It is expected that it would not be 
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appropriate to carry out reserve to cover for very infrequent events and that some other 
measures (such as load shedding) would be used to deal with these extremes. 
 
It is important to bear in mind that balancing requirements are not assigned to back up a 
particular plant type (wind), but to deal with the overall uncertainty in the balance between 
demand and generation. The uncertainty to be managed is driven by the combined effect of 
the demand forecasting error in demand and conventional and renewable generation. The 
individual forecasting errors are generally not correlated, which has an overall smoothing 
effect with a consequent beneficial impact on cost of balancing. 
 
Given the prediction that the mix of conventional plant post 2020 is likely to be dominated by 
gas, the fluctuations in time horizons larger than 3-4 hours are assumed to be managed by 
starting up additional units, which should be within dynamic capabilities of modern gas fired 
technologies (not with a cold start) (Strbac & Black, 2004). 
 
This is the second research question and this section of research should determine whether the 
generation reserve services can be used in the system without being unduly constrained by 
transmission network. The increased transmission network constraint periods has raised a 
concern related to the ability of generators who hold reserves to access transmission when the 
service is required. While transmission is planned with a certain level of redundancies to deal 
with un-planned circuit outages, this redundancy may become inadequate to allow access of 
relatively significant amount of reserves. The objectives developed to serve this assessment 
are to: 
 
 identify the optimal allocation of generation reserve taking into account constraint in 
transmission system 
 determine the effect of increased reserve requirements on transmission capacity 
 
1.4 Philosophy of corrective control actions  
 
Deterministic network planning and operational standards were developed between late 
1940’s and early 1960’s, reflecting the state of the technological development that was 
characteristic for that period. Since then there has been a very significant development in 
technology (particularly communication information and control) that enables incorporation 
of various near real time and corrective modes of operation, e.g. dynamic line rating, special 
protection schemes, coordinated emergency voltage control, dynamic control of HVDC etc 
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that can lead to significant benefits arising from increases in power transfers and hence 
substitute network reinforcements. In contrast to the historical (deterministic) approach of 
delivering network flexibility through investment in primary assets (capacity) only, there has 
been a clear trend in making use of advances in technology to provide the flexibility through 
more sophisticated system operation.  
  
Flexibility can be enhanced by either investing in network and generation capacity, while 
maintaining the present preventive control based philosophy, or by enhancing network 
controllability through changing the approach to network control to corrective mode of 
operation, while making use of a spectrum of emerging enabling technologies.  This includes 
both primary technologies (e.g. various forms of distributed generation, FACTS, storage, 
demand response) and recent advances in control, protection, communication and information 
technologies (e.g. wide area measurement and control systems, which make it possible to 
access and act on remote measurements in real-time, adaptive protection and autoreclosure, 
decision support tools).   
 
The primary advantage of the traditional preventive operation philosophy is the simplicity of 
operation and low levels of risks at the expense of low utilisation of generation and network 
capacity. The current utilisation of UK generation capacity is about 50% (Strbac, 2008) while 
average utilisation of transmission network capacity is even lower.  An alternative approach 
would be to operate the system at reduced network and generation margin (but at higher 
utilisation levels), provided that constraint violations that would occur after outages of circuits 
and generators can be eliminated by carrying out appropriate corrective actions.   
 
Implementation of corrective control actions is the third research question. The objectives in 
this research area are to investigate the alternative techniques and to quantify the benefits of 
introducing the concept of coordinated corrective control (e.g. quad booster transformers and 
demand side participation) considering various development scenarios.  
 
1.5 Scope and Objectives of This Research 
 
Optimal transmission capacity is obtained by minimising operating costs3 and transmission 
investment. Optimal transmission capacity is found by balancing the transmission investment 
cost against the benefit derived from this investment by way of reduction in out of merit 
                                                 
3 The cost of constraints is in essence the cost associated with dispatching more expensive generation instead of 
cheaper generation due to network capacity constraints. This cost is also known as out of merit order generation 
cost. 
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generation. Under the NETS SQSS the requirement for high standards of system reliability 
usually ensures that the system specification already exceeds the capacity that would be 
proposed under planning proposals for economic efficiency alone.  
 
However, the consideration of DG in system planning may change this balance. As 
demonstrated in the previous section, many DG technologies make a limited contribution to 
reliability of the network due to low capacity credits. As such, planning the network on the 
basis of generation contribution to reliability alone may no longer be optimal. 
However, not much has been said about transmission planning models that include the 
following aspects: i) inclusion of wind generation in transmission planning model based on 
cost-benefit analysis, ii) required transmission capacity for optimal allocation of generation 
reserve and most importantly iii) transmission planning that takes into consideration post-
contingency corrective capabilities.  
 
The aim of this research is to develop a robust methodology for optimal transmission 
investment based on cost benefit analysis. This methodology considers modelling of wind 
generation, optimal allocation of generation reserve and post-contingency corrective control 
to establish a model which main output is required transmission reinforcement. 
 
More specifically, the objectives of the work presented in this thesis can be stated as follows: 
 
Assess the impact of wind generation on transmission capacity for economic efficiency 
 
In this objective the impact of wind generation in terms of network investment is analysed. 
Having in mind the difference in operating characteristics and time of use of the network, 
wind generation has a fundamental relevance on the way it uses the system and also how 
much transmission is required. This approach considers the importance of wind generation on 
the network over the short-term investment horizon. It also determines the requirements for 
additional capacity driven by wind generation, and highlights the drivers for optimal cost-
benefit economic transmission.  
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Identify the effects of increased generation reserve requirements on transmission 
capacity  
 
The location of these new sources will be of considerable importance in assessing the impacts 
on the transmission network. Existing transmission planning standards do not comprise 
requirements for reserve with wind generation. Current reserve requirements in GB system 
are in range of 1 GW which potentially does not have an influence on planning transmission 
capacity. Operational problems would arise from two principal causes, namely, the 
intermittent nature of the outputs of new generation (such as renewable generation) and the 
location and remoteness of this generation relative to centres of demand. It is observed that in 
that situation reserve requirement could be up to 10GW and the impact of holding sufficient 
generation reserve for the wind will be very important.  
 
Significant penetration of wind generation increases the requirement of system reserves that 
need to be obtained to allow the system operator to manage the error in forecasting the 
availability of wind generation and the fluctuation in wind generation output. Those reserves 
need to be allocated at right locations of the transmission system such that the system operator 
will be able to use, if necessary, those services without being unduly constrained by 
transmission. The increased transmission network constraint periods have raised a concern 
related to the ability of generators who hold reserves to access transmission when the service 
is required. While transmission is planned with a certain level of redundancy to deal with un-
planned circuit outages, this redundancy may become inadequate to allow access of relatively 
significant amount of reserves. 
 
In the export area, the increased availability of wind energy may not be able to access 
congested transmission and wind energy need to be curtailed. In the import area, having wind 
generation less than expected while transmission is at the import limit will lead into load 
shedding. In order to prevent that adequate local generation need to be provided to hold 
reserve locally. This again emphasises the importance of right allocation of reserves. 
 
Therefore additional constraints corresponding to the generation responses to the changes in 
wind generation are inserted in the optimisation problem. The implementation of these 
constraints will ensure optimal allocation of reserves to the generators taking into account 
constraints in transmission systems.  
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Demonstrate benefits (values) of the application of post-contingency corrective control 
 
The application of post-contingency control through the implementation of phase-shifters 
transformers (PST) or e.g. quadrature boosters (QBs) and demand side corrective actions 
influences the transmission investment costs and total system cost; in addition, post-
contingency corrective control adds flexibility to the system. The main objective was to 
develop an optimisation method that balances cost of preventive control, provided by 
generators and transmission investment, and corrective control actions, provided by demand 
side participations and QBs.  The target was then to find out to what extent this influence and 
the added system flexibility benefits the system by lowering transmission investment and total 
system cost. 
 
Identify areas where additional work is required in the field of optimal transmission 
investment strategies 
 
It is clear that the architecture of a future power system based on significant penetration of 
wind generation will be structurally different from the conventional system that we see today.  
Some areas related to this research have the potential to be improved. The most relevant will 
be identified and studied. Some examples are,   
 
 post-contingency corrective security including probabilistic planning standards 
 software development that can produce more precise cost-benefit results 
 adapting the developed methodology to satisfy the needs more related to industrial            
applications.  
 
1.6 Main Contributions of This Research 
 
This work has made significant and novel contributions in the area of optimal transmission 
planning based on cost-benefit analysis. These contributions were developed considering 
wind generation and post-contingency corrective security control in transmission planning 
methodology. There are two types of contributions from this research; one is conceptual 
meaning the development of the ideas behind the construction of the models for transmission 
planning while the other is a methodological contribution, in other words the actual 
construction of the framework with tools developed to compute required transmission 
capacity and evaluate transmission and total system cost. 
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1.6.1 Conceptual contributions 
 
The conceptual contributions related to various ideas that were used as guidelines for tackling 
an actual application of transmission planning to wind generation. Previously, models of 
transmission planning did not include wind generation modelling. Moreover none of them 
included post-contingency corrective control. 
 
Optimal network investment is determined by finding the best possible balance between 
generator operating costs and network investment cost. The concept of optimal network 
investment is not new, what is new and novel in the proposed methodology is the inclusion of 
wind modelling in the formulation of the transmission planning problem. Another novelty is 
the inclusion of optimal allocation of generation reserve and post-contingency corrective 
control in the transmission planning model.  
 
It is worth mentioning that traditional planning of investment in transmission guarantees an 
inflexible network and operation of the system in preventive mode. However, post-
contingency control such as QBs and demand side corrective actions challenge this approach 
by bringing a greater degree of flexibility in controlling active flows over the system. With 
those devices, the flow can be re-arranged in the system and the required transmission 
investment can be reduced or postponed.  
 
1.6.2 Methodological contributions 
 
The main methodological contributions of this research – considering wind generation, 
optimal allocation of generation reserve and post-contingency corrective control in the 
transmission planning problem – can be summarised as follows: 
 
Development of a rigorous SC DC-OPF algorithm for determining optimal transmission 
network capacity  
 
A robust security constrained DC-based optimal power flow algorithm for determining 
optimal transmission capacity over several demand levels has been developed in this research. 
The proposed method effectively balances the cost of transmission constraints, represented by 
out-of-merit generation cost, against network investment cost to determine the optimal 
investment.  
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Development of a mechanism for inclusion of wind modelling in the formulation of 
transmission planning problem  
 
The inclusion of wind modelling in the formulation of transmission planning problem is 
unique. Based on the proposed methodology the most important conclusions regarding the 
influence of wind generation on transmission capacity are obtained. Therefore, in areas with a 
mix of conventional and wind generation, transmission capacity does not need to be built to 
accommodate the simultaneous peak output of all generation. Instead, an optimal amount of 
network capacity should be provided and shared between wind and conventional generation, 
with conventional generation being constrained-off on windy days when wind output 
dominates capacity. The cost-benefit approach illustrates that economically efficient 
transmission investment is achieved when the opportunities for sharing of transmission 
between different generating resources are recognised. 
 
Enhancement of transmission planning model for optimal allocation of generation 
reserve  
 
The enhanced transmission planning methodology is able to deal with dispatch of generation 
reserve in the presence of wind uncertainty. Significant penetration of wind generation 
increases the requirement of system reserves that needs to be obtained to allow the system to 
withstand against error in forecasting of wind energy and fluctuation in wind generation 
output. With the existing methodology the generation reserve is allocated at right location of 
the transmission system and system operator can use the reserve if necessary, without being 
unduly constrained by transmission.  
 
Implementation of post-contingency corrective control in the formulation of 
transmission planning problem 
 
Implementation of corrective security is an important contribution because it helps to provide 
the savings (benefits) that the system can obtain. This is possible with the help of post-fault 
re-arranging of transmission power flows, which allows the system to be operated for most of 
the time with relaxed security. Furthermore, the developed analyses enable evaluation of the 
benefits of corrective control and obtain the balance between preventive and corrective 
control. 
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1.7 Thesis Structure 
 
This thesis is made up of seven chapters and two appendices whose contents are summarised 
below: 
 
Chapter 1: Introduction 
The aim of the research work is given in this chapter. The main objectives and possible 
achievements as well as the structure of this thesis are also presented. This chapter also 
conveys an overview of the optimal investment in the transmission network. The transmission 
investment are analysed under the condition that the system comprises wind generation, 
generation reserve and post-contingency corrective control. 
 
Chapter 2: Investment in Transmission 
In this chapter, a review of the state-of-the-art methods and practices for optimal transmission 
investment is presented. This review is based on UK documentation among others, electricity 
and gas market regulator (OFGEM), DBEER and various power companies. From this 
literature search it is noted that there are still many issues remaining unsolved in particular 
with regard to economic efficiency in transmission investment. It is however noticeable that 
current investment strategy does not treat wind generation fairly or consistently. Moreover, 
the problem of including corrective control into transmission planning methodology is very 
rare as the most of the papers deals with preventive actions. It can be concluded that the last 
two assertions are the seeds that originated the problematic that lead to the methodology 
developed in this research work. 
 
Chapter 3: Cost Benefit Analysis for Transmission Investment Optimisation 
The model that will be used along the entire research to determine optimal transmission 
capacity is presented. The full details of this model and its development are also given. The 
model comprises a proposed optimisation problem and its solution. The proposed model is 
validated for 2-bus and 24-bus systems.    
 
Chapter 4: Transmission Capacity for System with Wind Generation 
This chapter sets out the main issues surrounding the transmission capacity requirements for a 
system with wind generation. The model developed in chapter 3 is applied to 2-bus and 15-
bus GB transmission systems in order to determine transmission capacity values and what the 
drivers influencing these values are. 
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Chapter 5: Transmission Capacity for Generation Reserve 
 In this chapter the developed methodology – which yields transmission capacities – is 
specifically related to optimal allocation of generation reserve and is applied to two case 
studies (2-bus and 15-bus systems) to obtain results consisting of values of transmission 
capacity for generation reserve and the factors that influence these values.  
 
Chapter 6: Corrective security - Flexible Transmission Network 
A model for post-contingency corrective control is presented, which includes simultaneous 
action of QBs and demand side participation. This model is investigated to identify the 
possible benefits and savings to the system. Again, two case studies are presented, namely 4-
bus and 24-bus systems where benefits are obtaining without compromising system security 
levels.  
 
Chapter 7: Conclusion and Future Research 
This chapter summarises the main conclusions as well as achievement of the work undertaken 
in this research. A discussion is presented on the results of the developed model (which 
includes wind generation, generation reserve and post contingency corrective control) and 
how well it matches the initial expectations. Emphasis is placed on the possible economical 
benefits due to the applications of the model to actual cases.  In addition directions for future 
work are suggested.   
 
Appendix A 
This appendix contains the data on generation and demand as well as network parameters for 
the modified IEEE 24 bus Reliability Test System.  
 
Appendix B 
This appendix contains data and network parameters, analogously to appendix A, in this case 
for the 15-bus Great Britain (GB) transmission system.  
1.8 Remarks on This Chapter 
 
This chapter has presented a brief overview of optimal transmission investment strategies for 
transmission networks wind high wind penetration level. In addition, the main issues that 
must be addressed in transmission investment have been discussed from the viewpoint of 
required transmission capacity, optimal allocation of generation reserve and flexible 
transmission network. The main scope and objectives of this research were presented. Two 
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types of objectives, conceptual and methodological, were considered. Finally, a synopsis of 
the content of each chapter in the thesis was also provided.   
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CHAPTER 2 
Wind Generation Trends in 
Transmission Investment  
The expansion of a transmission system is a complex process involving many issues and 
difficulties that must be overcome. Investment in transmission involves high development 
costs and long lead times due to the planning permissions, environmental consents and rights-
of-way that have to be obtained. The long asset lives which may exceed 40 years, low 
regulated rates-of-return, and straight-line depreciation over the life of assets are additional 
factors that make investment in transmission unappealing by comparison with other industries 
where the risk may be the same.  
 
It is not easy to ensure that transmission is planned and build as effectively and economically 
as possible. There have always been tensions between utilities and customers over the topic of 
regulation. Regulation must balance between the need to encourage investment and the need 
to protect the customers by ensuring that transmission service is provided efficiently, without 
overbuilding the system. 
 
Current transmission infrastructure in Britain was designed to support economic growth after 
the Second World War. This system now faces challenges of unprecedented proportions. By 
2020, according to the Government Renewable Energy Strategy (RES), it is expected that 
40% of the UK electricity demand will be met by renewable generation (an order of 
magnitude increase from the present levels). In order to meet the targets proposed by the UK 
Climate Change Committee (greenhouse gas emission reductions of at least 80% by 2050) it 
is expected that the electricity sector would be almost entirely decarbonised by 2030, with 
potentially significantly increased levels of electricity production and demand driven by the 
incorporation of heat and transport sectors into the electricity system. Delivering these targets 
 20
cost effectively will require not only an appropriate investment in electricity infrastructure, 
but also fundamental changes in the philosophy of network operation and development 
enabled by the application of information, communication and control systems to enhance the 
utilisation of the existing networks. 
 
The transition to a low-carbon economy will transform the role of our electricity networks 
over the next 40 years. Whereas today the transmission networks are seen as a means to an 
end in the transportation of electricity from generators to consumers, in the future they will 
play an integral and active role, enabling supply and demand to be managed in a much more 
complex and decentralised energy system.  
 
In this chapter an overview of future trends for investment in transmission systems from the 
prospective of renewable generation and reserve requirements is presented. Moreover, a key 
opportunity to facilitate efficient operation and development of smarter transmission network 
in support of the UK low carbon energy policy is identified and explained. 
 
2.1 Transmission Capacity for Economic Efficiency 
 
 
It is clear that wind generation will play a major role in delivering the Government targets for 
renewable generation and the Renewable Energy Strategy Paper (DBERR, 2009) confirms 
this. This new generation has very different operating characteristics when compared to 
conventional plant. Correspondingly its impact on network operation and investment 
decisions is also different to that of the incumbent generators. Wind generation has a low 
capacity value and thus displaces more energy than generation capacity, creating a larger 
capacity margin than traditionally observed in a system largely comprising of conventional 
generation. As wind and conventional generation have such different operating 
characteristics, applying generic rules and assumptions across generation technologies is 
likely to lead to inefficient network investment. In order to facilitate such large penetration of 
wind power generation, significant new transmission network infrastructures are likely to be 
required. The key question arising from the new generation mix is how much transmission 
should be build for a system with high penetration of wind whilst maintaining system 
reliability and economic efficiency of system operation and development. 
 
In the context of transmission infrastructure design and investment, the current NETS SQSS 
were developed as a codified approach with the dual objectives to provide (i) peak demand 
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security and (ii) economic efficiency of the network operation during both peak and off-peak 
conditions, including planned maintenance, and to drive network design against these 
principles.  
 
In planning transmission expansion, security considerations determine the minimum required 
transfer capacity across the system boundaries. However, economic consideration may require 
additional capacity to be installed given the potentially high cost of transmission constraints. 
The cost of constraining on out of merit generators and constraining off in merit generators 
due to transmission limitation represents the cost of transmission constraints.  
 
The Figure 2.1 illustrates that optimal transmission capacity is found by balancing the 
transmission investment cost against the benefit derived from this investment by way of 
reduction in out of merit generation. As shown as more capacity is being built the cost of 
transmission investment increases whereas the cost of transmission constraints decreases 
because a stronger transmission network permits operation of the generation system closer to 
the merit order. Finding this minimum for the total cost of transmission is the objective of the 
cost-benefit analysis (CBA) methodology. Above the optimal network capacity, further 
capacity increment will result in higher total cost since the benefit, i.e. the reduction of 
transmission constraint cost is less than the increase in transmission investment cost. 
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Figure 2.1 CBA approach to transmission investment optimisation. 
 
Historically, reliability driven design of the transmission network to meet peak demand 
requirements has also delivered an economically efficient solution. However, the standards 
that drive this design were devised for a system dominated by conventional, high capacity 
value generators making a significant contribution to meeting peak demand conditions. Under 
these circumstances, a system designed for reliability results in a relatively unconstrained 
system that enables simultaneous output of close to full capacity from all generators on the 
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system. In the emerging system with a high penetration of wind generation, this approach of 
designing networks to maintain system reliability should no longer be the main driving factor 
for specification of transmission network design. High penetration of low capacity value 
generation such as wind plant requires existing conventional generation to remain on the 
system to ensure that sufficient capacity is available during demand peaks. Thus, the 
emerging system will feature an increasingly large generation capacity margin which exceeds 
demand by a significant amount. 
 
Let’s consider an example system dominated by conventional generation. The 60GW peak 
demand is supplied with 72 GW of conventional generation equivalent to a 20% capacity 
margin. If 25GW of wind is added to the system this will displace, say 5GW of conventional 
capacity (using an optimistic assumption that wind has a capacity value of 20%) to maintain 
the same reliability. In this system there is now a total installed generation capacity of 92 GW 
to supply 60GW of peak demand representing more than a 50% capacity margin. 
 
However, present transmission design philosophy is to guarantee access to all generation by 
ensuring that the transmission system is locally able to accommodate the maximum output of 
all generators and globally to transmit this power to supply the peak demand. In this example, 
NGET would need to build the network which would simultaneously accommodate 92GW of 
generation capacity while peak demand remains at 60GW. It is clearly not economically 
efficient to invest in sufficient network capacity to accommodate simultaneous peaks from all 
generators as there would never be sufficient demand to absorb this generation and there is 
significant risk that at periods of peak demand wind generation would not be available to 
provide reliability. Instead, the network design for systems with significant penetration of 
wind should create an optimally constrained network that facilitates the economically 
efficient sharing of network capacity between wind and conventional generators (i.e. on 
windy days, wind will tend to occupy transfer capability, on non-windy days conventional 
generation will use the available capacity).  
 
The basis upon which efficient transmission capacity is determined will depend on the 
relative magnitude of the (marginal) cost of constraints versus (marginal) cost of transmission 
reinforcement. Broadly, as wind generation has zero marginal cost it should not be subject to 
significant constraints. In other words, the cost-benefit analysis demonstrates that it is more 
economic to invest in transmission network reinforcement than constrain wind generation 
significantly. Therefore, in systems with wind generation, the requirement for economic 
efficiency (ensuring demand can access low cost generation) should result in the development 
of larger transmission capacities than reliability considerations alone. Hence, the reliability of 
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the network will be higher than that in the present system, as additional capacity over and 
above that required by reliability will be justified on the grounds of economic efficiency. 
 
Cost-benefit analysis is already a component of the current NETS SQSS and used to balance 
the costs of transmission investment against the benefits of reinforcement. However, to date 
(in the system with conventional generation), there are only limited examples where 
additional transfer capability beyond that deemed necessary to meet reliability considerations 
have been justified on the grounds of economic efficiency.  
 
For the period up to 2020 and beyond, a cost-benefit approach should be urgently considered 
as it could deliver a significant increase in network asset utilisation and hence a significant 
reduction in cost relative to current practice and facilitate faster connection of renewable 
generation, without unduly compromising network security. Such an approach, based on a 
cost-benefit framework rather than on the present deterministic standards that exclude 
potentially technically effective and cost efficient operational solutions from being considered, 
would require: 
 
 a shift in the source of the system control and flexibility from physical assets to more 
sophisticated system management, through wider deployment and application of 
appropriate control, information and communication technologies, and 
 
 a  widening of the allocation of the duties and opportunities for the provision of 
system control services to include demand side, wind generation technologies that use 
power electronics interfaces and modern network technologies, in addition to network 
primary assets. 
 
Establishing an optimal level of network capacity that should be made available by network 
operators in real time must appropriately balance (i) the value that users attribute to the level 
of network capacity released, through being able to access efficient generation resources, 
against (ii) the cost of this access, primarily driven by various forms of generation reserves, 
losses and expected costs of interruptions (primarily caused by forced outages of generation 
and network facilities) that is associated with the released network capacity. 
 
However, it is important to emphasise that network operators should be appropriately 
incentivised to provide additional network capacity through not only building transmission 
circuits (asset based redundancy), but through non-network solutions involving demand and 
generation control measures and more sophisticated network management, whichever is more 
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efficient. The present deterministic NETS SQSS framework fundamentally prevents non-
network solutions to be adopted, even if these are technically effective and economically 
efficient. 
 
A cost-benefit based framework for network operation and investment includes all key 
ingredients required for the development of future network operation (and development) 
standards to support efficient delivery of a low carbon electricity system. Only cost-benefit 
based standards can be used for determining the network capacity that should be released to 
network users in real time that will maximise the value of network access to all network users. 
Only a cost-benefit framework can provide the basis for risks of supply interruptions to be 
understood, quantified and managed through optimising the amount the network capacity that 
is released to network users. 
 
Such a cost-benefit approach to network operation would be fully consistent with the core 
objective of the Smart Grid concept, an integrated electricity and information and 
communication system infrastructure that is intended to enhance the utilisation of existing and 
future primary electricity assets. The cost-benefit based network standard will assist both 
operational and design engineers in delivering these objectives. 
 
A system based around advanced information, communication and control technologies, as 
well as incorporating demand-side management into the system control structure, provides a 
way to maximise the utilisation of future networks, preventing unnecessary and expensive 
overinvestment. This is the essence of the concept of Smart Grids, which however cannot be 
developed before the outdated network operation and design standards are updated. 
 
2.2 Transmission Investment for Generation Reserve 
 
System operators must continually maintain a balance between electricity generation and over 
all time horizons from fractions of a second, through minutes, hours, days to weeks and 
months ahead. System operators will plan to operate the system based on a forecast of 
demand and dispatch of power station operation. Variations in the level of demand from that 
forecast, and generation from that scheduled, have to be covered from operating reserve if the 
system is to remain in balance. 
 
Operating reserve can be provided by electricity generators and interruptible electricity 
consumers. The appropriate form of operating reserve will depend on the time horizon being 
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considered – from fractions of a second to hours ahead. Longer-term balancing is dependent 
on an appropriate level of investment in generation capacity to meet anticipated system 
demand and operating reserve requirements. 
 
If electricity demand and generation are not maintained in balance, then the frequency of the 
system will deviate from its statutory level. All power systems within the EU are required to 
maintain a frequency of 50 Hz, with an error tolerance of no more than ±0.5 Hz (that is a 
range of 49.5 Hz to 50.5 Hz). If there is insufficient generation to meet demand at any time 
then the system frequency will fall (a low frequency event), whereas a surplus of generation 
over demand will lead to an increase in system frequency (a high frequency event). Low 
frequency events can be corrected through an increase in generation or a reduction in demand, 
whereas high frequency events require a reduction in generation (or increase in demand). 
 
2.2.1 Determination of reserve requirements with wind generation 
 
The quantification of system reserve has, until recently, been a relatively simple and largely 
deterministic process. In many systems, the amount of short term or operating reserve carried 
at any time is determined by the need to cater for the loss of the largest generation infeed. 
Although there is some uncertainty due to load forecast errors, in the short term (within the 
dispatch timescales for additional generation being brought to the system) these are less 
severe. This approach does not guarantee a secure system at all times, but rather assumes any 
loss of generation greater than the largest infeed is so infrequent that it is deemed unnecessary 
to carry extra reserve all year round. When such an event does occur the system will have to 
shed some load. However, as wind power penetration grows, there are concerns that the 
uncertain nature of wind power output will mean that amounts of generation larger than the 
largest infeed are lost more frequently as significant unforecasted wind reductions may 
coincide with large generator trips. 
 
The growth in wind generation could both increase the requirement for operating reserve, due 
to uncertainty over the level of wind output in any period and reduce the number of available 
providers of operating reserve, as wind generation displaces conventional generation on the 
system. 
 
As output from wind generators may be difficult to predict, system operators will need to 
maintain additional operating reserves in the event that generation levels are lower than 
anticipated. In the opposite scenario where more wind generation is available than expected, 
and under the assumption that wind power should always be used if possible, then the ability 
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to reduce generation is required. This raises the possibility of wind being constrained off (i.e. 
prevented from generating) as thermal power plant can only reduce their output to a minimum 
level, assuming that for security reasons it is desirable to maintain a certain level of 
conventional plant on the system. 
 
 
The impact that additional wind capacity will have on system operating reserve levels will 
depend on the increased uncertainty generated by the wind power forecasting errors 
(forecasting errors are quantified as standard deviations). Improvements in wind forecasting 
will reduce the system error which will in turn reduce the amount of additional operating 
reserve required to accommodate wind. 
 
In order for synchronised conventional plant to provide reserve it must run part loaded. 
However, thermal units operate less efficiently when part loaded, with an efficiency loss of 
between 10% and 20%. In addition to the loss in power output as these units are run part 
loaded to provide reserve (in case the output of wind generation reduces), other units will 
need to be brought onto the system to supply energy that was originally allocated to the plant 
that is now running at reduced output. This usually means that plant with higher marginal cost 
will need to run, and this is another source of additional system cost. In addition to 
synchronised (or “spinning”) reserve, which is provided by part-loaded plant, the balancing 
task will also be supported by standing reserve, which is supplied by plant, such as OCGTs 
(open cycle gas turbines) and pumped storage that has the ability to be started very quickly or 
through new techniques such as energy storage facilities or demand side management.  
 
The consequence of carrying large amount of spinning reserve, would be that significant 
number of generators would need to run (part loaded CCGT plant) reducing the amount of 
wind generation that can be absorbed, particularly when low demand conditions coincide with 
high wind power conditions. 
 
The allocation of reserve between synchronised and standing plant is a trade-off between the 
cost of efficiency losses of part-loaded synchronised plant (plant with relatively low marginal 
cost) and the cost of running standing plant with relatively high marginal cost. The balance 
between synchronised and standing reserve could be optimised to achieve a minimum overall 
reserve cost of system management. For balancing load and generation synchronised and 
standing reserve are used as follows. Synchronised reserve will be used to accommodate 
relatively frequent but comparatively small imbalances between generation and demand while 
standing reserve will be used for absorbing less frequent but relatively large imbalances. 
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2.2.2 Impact of generation reserve on optimal transmission capacity 
 
 
As was mentioned in the text above, the consequence of carrying a large amount of spinning 
reserve, would be that a significant number of generators would need to run part loaded 
reducing the amount of wind generation that can be absorbed, particularly when low demand 
conditions coincide with high wind power conditions. The application of standing reserve 
instead of spinning reserve could improve the system performance through reduction of the 
fuel cost associated with system balancing. This reduction in the amount of synchronised 
reserved committed leads to (i) an increase in the efficiency of system operation and (ii) an 
increase in the ability of the system to absorb wind power, and hence reduce the amount of 
fuel used. As standing reserve will be used for absorbing less frequent but relatively large 
imbalances in wind generation, it is also very important this reserve is not constrained due to 
transmission constraint in the transmission network. 
 
Currently transmission planning of the GB transmission system does not specifically include 
for generation reserve although the concept of an interconnection allowance does provide 
some additional transmission capacity to cover the uncertainty of where the generation 
available to meet the demand is sited relative to the demand.  With the development of large 
scale wind generation in a network the levels of reserve required will be considerably 
increased above current levels leading. The significance of the location of potential sources of 
reserve therefore needs to be properly considered in planning development of the network. To 
determine the optimal transmission capacity to exercise the remote located standing reserve 
the cost of reserve and transmission investment costs has to be balanced. 
 
2.3 New Opportunity in Transmission Investment – Smarter 
Grids 
 
Britain’s current electricity system is demand driven. When a consumer increases their 
electricity use, somewhere generation increases by a commensurate amount to satisfy that 
demand. This is possible because generation electricity mix includes a large amount of 
capacity that is able to respond to changes in demand. For unexpected demand fluctuations, 
the system operator can use pumped storage or call on other fast start reserve capacity. In 
addition, gas and coal-fired power stations, which currently provide around 68% of electricity 
supply, can to varying degrees respond flexibly to changes in demand. Historically, generation 
capacity has expanded as a result of increases in demand. The whole culture and philosophy 
of the system is based on a predict-and-provide mentality. 
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However, the transition to a low-carbon economy poses a challenge to this traditional 
philosophy of transmission network operation. In the next few years, the expansion of large-
scale wind power will increase dramatically the amount of variable generation entering the 
system. Whilst the system operator will be able to estimate the availability of wind power 
using weather forecasts, this form of generation cannot respond directly to increases in 
consumer demand. At present, and in the short to medium term, this may not be a significant 
issue for the networks because the level of wind-based generation will be manageable within 
the overall system. However, if in the longer term up to 30% of electricity comes from wind, 
this could pose major challenges for the networks, particularly as such variable capacity will 
operate alongside base load nuclear power, which cannot be switched on or off to meet 
differing network load demands. Without mitigating action it is likely electricity supply will 
often exceed demand, for example during the night, or fall short, such as when the wind fails 
to blow.  
 
If Britain were to maintain the existing approach whereby supply is entirely responsive to 
demand, then the solution to the inflexibility of wind and nuclear power would be to build 
more back-up capacity for when the wind fails, and curtail wind farms when their output 
exceeds demand. This option would, however, be very expensive. Furthermore, to achieve the 
Government’s 2050 target for carbon emissions it is likely that it would also require the 
electrification of both the heat and transport sectors combined with a large increase in 
renewable generation, much of which would be variable wind. Accommodating these changes 
within the electricity system under the current approach would necessitate massive 
reinforcement of the transmission networks, and lead to very low levels of generation and 
network asset utilisation, and hence low utilisation of capital investment.  
 
The present NETS SQSS, the present regulatory regime and the present network access 
arrangements have formed the basis for the transmission network reinforcements needed to 
accommodate renewable generation required to meet the 2020 target. This involves a single, 
business as usual, asset heavy solution, constrained by the present regulatory incentive 
approach and inefficiencies in network access arrangements. Although it is clear that some 
significant network reinforcements will be needed, complementary and alternative solutions 
based on more sophisticated network management techniques (such as dynamic line rating, 
wider application of advanced special protection schemes, coordinated control, application of 
advanced maintenance techniques, application of advanced decision making tools etc) and 
application of non-network solutions particularly demand and generation solutions that can 
substitute for network reinforcements, were not considered.  
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The decarbonisation of electricity and energy systems beyond 2020 with the present operating 
paradigm would require a very significant capital investment in primary generation and 
network assets while simultaneously degrading the utilisation of these assets. An alternative 
solution, involving innovations in information communication technology (ICT) and active 
network management, would be potentially cheaper, faster to implement and more 
commercially adaptable than simply building more primary assets. The core issue facing the 
network in the future is not only to make grids larger, but much more importantly to make 
them more intelligent. Development of a Smart Grid strategy as an integrated electricity and 
information and communication system infrastructure that is intended to enhance the 
utilisation of existing and future primary assets is of considerable relevance to Great Britain, 
given its weak interconnections with other systems and the need to balance demand and 
supply largely within the island.  
 
Under the Smart Grid vision, non-network solutions, particularly demand side participation 
are expected to play a vital role in enhancing transmission network utilisation and hence 
facilitating an efficient delivery of low carbon future; this future will not be realised if the 
current network technical, regulatory and commercial approaches are not urgently changed.  
 
This approach will require two major departures from the current philosophy. Such an 
approach would require: 
 a radical shift in the source of the system control and flexibility from physical assets 
to more sophisticated system management through the deployment of appropriate ICT 
solution 
 a major re-allocation of the provision of system control services to include demand 
and networks in addition to generators.  
 
Implementation of ICT for monitoring and control of the electricity system (including 
demand, networks and generation) will lead to the development of a Smart Grid, an integrated 
energy and information and communication system architecture that is intended to bring 
together two elements of the power industry: the electrical delivery system and the 
information system that controls it. Maximising the utilisation of the primary electricity assets 
and infrastructure, by deploying and utilising smart information and communication 
technologies and developing effective energy system integration strategies is the core 
objective of the concept of Smart Grids. This requires the development of more sophisticated 
network control, operation and investment strategies, for which new tools and methodologies 
are yet to be developed.  
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2.3.1 Move from preventive to corrective control 
 
Power system security is traditionally achieved through preventive measures: the system is 
prepared in advance to withstand credible outages (specified in accordance with the security 
standards), with no need for any immediate corrective action to be taken following the outage. 
This preventive security is achieved by dispatching generating units out of merit in order to 
make sure that no credible contingency would leave the system in an untenable situation. As a 
consequence, the system is operated 24 hours a day, 365 days a year, less efficiently, in order 
to be able to cope with outages that occur infrequently. The advantage of such an operating 
philosophy is simplicity of operation, achieved at the expense of increased operating costs and 
low utilisation of generation and network capacity (generation utilisation is about 50%, while 
average utilisation of network capacity is even lower).  An alternative approach would be to 
operate the system at lower operating costs and with reduced network and generation capacity 
(therefore with higher utilisation), provided that overloads that occur after outages of circuits 
and generators can be effectively eliminated by carrying out appropriate corrective actions. 
 
In the longer term, greater flexibility in transmission control could reduce operating and 
development cost of transmission further and enable more effective management of the 
uncertainty over the future locations and characteristics of generation and demand. Real-time 
network analysis and control and more broadly a move to corrective control are widely 
indicated as key technologies for all scenarios. This could contribute to further improving the 
efficiency of future system operation and investment and help the grid to flexibly adapt to 
alternative future developments of electricity generation systems. In general, technologies 
such as Flexible AC Transmission Systems (FACTS), optimisation of Quadrature Boosters 
(QBs), demand response and energy storage could bring a spectrum of potential benefits 
including 
 
 relieving power transfer problems and congestion, 
 deferring new network investment, 
 reduce system operation cost, 
 increasing the amount of on and off-shore wind generation and other plant that can be 
accommodated in the existing grid infrastructure. 
 
One of the examples of releasing latent capacity from the existing network is through the use 
of special protection schemes. These are intelligent tripping systems that mitigate unexpected 
faults that could lead to a disconnection of a transmission line by automatically tripping 
generation or shedding demand load from elsewhere on the system. Although limited in scope 
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at present, system operators already use some of these technologies to enhance the capability 
of their existing systems. Worldwide, there is growing interest in the development and 
application of such approaches, which entail more sophisticated system operation, but also 
minimise or avoid the need for network reinforcements. Solutions such as special protection 
schemes are more widely used in other parts of the world, including the US, Brazil, Chile, 
Australia and Taiwan, thus allowing system operators to achieve a higher level of network 
utilisation.  
 
The philosophy of preventative control may become complemented and even replaced by 
corrective control which can make better use of basic infrastructure by adopting a less 
conservative approach. As mentioned above corrective control enables better utilization of 
existing facilities and therefore reduces the demand for new investment. The ability to 
exercise this control will rest on high resolution feedback measurement, control computation 
and new means of actuation. The actuation will come from FACTS devices and QBs to 
control the distribution of power flows over the transmission network.  
 
Evolution of feedback technology is already in progress in the form of Phasor Measurement 
Units (PMUs) which make time-stamped measurements of the key electrical quantities in 
magnitude and angle form and can sustain this at a high sampling rate. (Present monitoring 
does not achieve the same sample rate and crucially does not provide the accuracy of time-
stamping need to resolve this information when used for control). PMU technology could 
potentially increase the control capabilities of the network that could lead to an increase in 
utilisation of the existing network capacity, reduction of generating cost (due to reduced 
congestion) and reduction in investment for network reinforcement. 
 
However, while satisfactory hardware solutions to the feedback problem are necessary part of 
the implementation of corrective control, much else is also required. The problem of 
coordinated control of multiple control devices and its automatic execution has not yet been 
fully resolved. Very little work has been conducted on the quantification of the benefits of 
flexibility so that these can be compared with competing solutions, i.e. network capacity 
expansion. An analysis of this question4  showed that the benefits of FACTS tend to be 
significant when network reinforcement is extremely expensive5. Clearly, more work is 
                                                 
4 Coordinated control could include actions a number of network control devices (including demand and 
generators) with the objective to improve system performance while respecting network technical constraints (e.g. 
voltage and thermal constraints) 
5 Planning issues associated with transmission network reinforcement may be very significant (obtaining new 
corridors for high voltage overhead transmission lines is extremely difficult). The Yorkshire 400kV line was put in 
operation 15 years after the decision was made to carry out the project. 
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required to develop the framework and techniques to understand and quantify the value of the 
flexibility that FACTS devices will bring. 
 
In addition to controllable types of generation and FACTS, a spectrum of enabling 
technologies such as optimisation of QBs, storage and demand side management (DSM) can 
be used to provide transmission network support services, such as voltage and power flow 
control. These will use a real-time corrective control approach for optimising the utilisation of 
the existing network capacity, deferring network reinforcement, enhancing security of supply 
and improving power quality. 
 
Although costs and risk profile are yet to be quantified initial studies indicate that the value of 
corrective control could be significant (Strbac et al., 1996). 
 
The key issue in moving to a smart grid philosophy from the current asset heavy investment 
strategy is management of the budget (cost for implementation of new technology). The 
growth in renewable generation and the transfer of transport and heating from direct fossil 
fuel inputs to provision by electricity from the grid creates a massive expansion in the 
requirement for investment. However, it is clear that the utilisation of the transmission 
network developed using traditional planning methodologies will be reduced. Moving to a 
Smart Grid where technological systems allow system operators to optimise operation and 
hence utilisation of the infrastructure coupled with pricing mechanisms to give incentives to 
all parties, both generation and demand also to increase utilisation. 
 
The savings from reducing the need to construct grid infrastructure compared to that required 
by traditional planning methods, through higher utilisation of infrastructure through “smart” 
technology and pricing is expected to be greater than the cost of “smart” systems. Therefore 
the overall budget required for secure electricity supply will be reduced.  
 
It is important to mention that the affordability of smart grid technologies both to utilities and 
to consumers must be assessed carefully and due to the uncertainties surrounding this matter, 
it will not be a straightforward task. The uncertainty with regard to the benefits that these 
technologies may offer, in the case that the drivers behind smart grid programme are not as 
strong as it was expected, makes the utilities reluctant to start replacing their old assets with 
smart grid technologies. 
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2.3.2 Quantification of composite system risk for corrective control 
operating philosophy 
 
The current design philosophy of transmission systems largely ignores advanced 
communications, control methods, and information technologies, leaving system operators 
and planners without the necessary information for integrating renewable generation into 
system operation and development. In order to support the development of real time 
corrective control of networks and increase the flexibility of network operation, significant 
deployment of advanced sensors and measurement and control devices will be required, 
accompanied with more sophisticated energy metering and trading functions. Wide ranging 
development of information and communication systems to provide access to these 
distributed devices and systems will also be necessary to facilitate more intelligence control 
of generators, loads and local network primary plant. 
 
Increased use of information management, wide-area measurement, disturbance recognition, 
and visualisation tools should be made by system operators to process real-time information. 
This will accelerate response times to problems in system voltage and frequency levels, and 
achieve compliance with reliability and security standards. These are considered to be critical 
to ensure that appropriate responses to disturbances are enacted before widespread blackouts 
can occur. This also includes the development of interconnection technologies and standards 
to enable seamless integration of renewable generation within the transmission system. 
 
Implementation of ICT for the control of electricity networks will lead to the development of 
an integrated energy and communications system architecture that is intended to integrate two 
systems in the power industry: the electrical delivery system and the information system 
(communication, networks, and intelligence equipment) that controls it. In order to keep the 
options open by building flexibility (given the uncertainty in future development), the power 
delivery systems should increasingly rely on the information system. Primary energy plant 
together with the information systems should be developed in parallel in order to allow 
advanced communications and networking technologies to work with intelligent equipment to 
execute increasingly more sophisticated system functions. This will also enhance the ability 
of the existing infrastructure to absorb renewable generation while minimising network 
reinforcements. 
 
There have been a number of initiatives intended to encourage the use of real-time 
information, integrating distributed intelligence using sensors with demand response 
programmes to maximise reliability and system efficiency while providing customers with 
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new choices. The ultimate information architecture that incorporates new information 
technologies in system operation in order to accelerate market acceptance and optimise 
system performance is yet to be developed. Although the key ingredients of the technology 
exist, targeted trials are required to gain more experience with it the context of energy 
networks. 
 
2.3.3 Remarks on this chapter  
 
The aim of this chapter was to present the impacts of wind generation on planning of 
transmission network.  The key features of the proposed transmission planning methodology 
outlined include planning of transmission system with wind generation, required transmission 
capacity for generation reserve and post-contingency corrective control. Therefore, the 
external influences on transmission planning are: 
 
Transmission network capacity for economic efficiency 
As highlighted at the beginning of the chapter (section 2.1) the contribution of the network to 
compromising overall system reliability through preventing generation from accessing 
demand under peak demand conditions are limited. Historically, generation has had almost 
full access to load; the network has been built on the basis of reliability which has created a 
transmission system with a degree of network redundancy that does not compromise the 
economic efficiency driver for transmission (i.e. more than adequate capacity is built to 
satisfy the transmission requirements that allow load to access cheap generation). 
 
All this has kept operational network constraints to a minimum in the conventional system. 
However, with the addition of wind generation to the network this picture is changing. As the 
impact assessment has identified, wind power can displace energy produced by conventional 
plant (i.e. reduce the fuel burnt), but its ability to displace conventional plant as a secure 
source of energy to meet demand is limited. As the capacity credit of wind power and other 
non-convention generators is limited, network reinforcement driven by wind generation will 
be limited in systems designed for reliability. Wind generation is essentially a fuel saver, 
rather than a contributor to generation capacity, so building transmission on the latter premise 
is not optimal. 
 
However, wind generation has low marginal cost and is thus too cheap to constrain off on a 
regular basis. So the new transmission network to support the sustainable system of power 
generation needs to make sure that sure that wind generation is not constrained unnecessarily. 
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This signals a change in the decision making process for investment in transmission capacity. 
Although reliability is still a driver, optimal networks built for wind generation are likely to 
be constructed with economic efficiency as a dominant factor dictating network investment 
decisions. The requirement for high levels of network redundancy across the network to 
ensure reliability will be reduced (because some connected generators will not be making a 
contribution to this aspect of system planning), and in some areas where capacity is driven by 
economic efficiency the occurrence and relevance of constraints is likely to increase. 
 
Impact of generation reserve on optimal transmission capacity 
A second important driver for transmission investment is including generation reserve in 
obtaining the optimal transmission capacity. In a system with wind generation reserve is 
allocated to meet imbalances between predicted and actual demand. Determining the optimal 
split between spinning and standing reserve allocation would achieve the lowest fuel costs. 
Fuel costs involve a trade off between the more expensive standing reserve plant and a part-
loaded spinning reserve plant’s higher running costs. Furthermore, reserve allocation affects 
the system’s ability to absorb wind generation. Optimizing the allocation between spinning 
and standing reserve improves overall system operation efficiency, but maximising the 
system’s ability to absorb wind generation proves to be a more significant driver. Increasing 
the proportion of standing reserve over spinning reserve reduces the number of conventional 
generating units that are dispatched to operate, thereby leaving more room for wind. This 
leads to reduced use of conventional generator fuel, and therefore, standing reserve can 
improve system performance through fuel cost reduction associated with system balancing. 
Furthermore, it is important that transmission system need to have sufficient transmission 
capacity in order standing reserve to be utilised and exercised in case of less frequent, but 
relatively large imbalances like changes in wind output. 
 
Flexible transmission network – Smart Grid 
The last driver for the investment in the transmission network is philosophy of Smart Grid. As 
was mentioned above the decarbonisation of electricity and energy systems beyond 2020 with 
the present operating paradigm would require a very significant capital investment in primary 
generation and network assets while simultaneously degrading the utilisation of these assets. 
An alternative solution, involving innovations in ICT technology and active network 
management, would be potentially cheaper, faster to implement and more commercially 
adaptable than simply building more primary assets. The core issue facing the networks in the 
future is not only to make our networks larger, but much more importantly to make them 
more intelligent. 
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Development of a Smart Grid technology strategy is of considerable relevance to Great 
Britain, given its weak interconnections with other systems and the need to balance demand 
and supply largely within the island. These challenges could be turned into an important 
commercial opportunity for Great Britain to gain early experiences and lead the worldwide 
system integration of advanced future grid technologies at the international level. 
 
The fundamentals of the present NETS SQSS, given its deterministic nature, were developed 
in late 40s, reflecting the state of the technological development that was characteristic for 
that period. Since then there has been a very significant development in technology 
(particularly communication information and control) that enables incorporation of various 
near real time and corrective modes of operation, e.g. dynamic line rating, special protection 
schemes, coordinated emergency voltage control, dynamic control of HVDC, novel 
maintenance schemes etc, that can lead to significant benefits arising from increases in power 
transfers and hence substitute for network reinforcements. In contrast to the historical 
approach of delivering network flexibility through investment in primary assets only, there 
has been a clear trend in making use of advances in technology to provide the flexibility 
through more sophisticated system operation. This is important because these alternative 
approaches could not only enable the release of latent capacity from the existing transmission 
assets and facilitate the connection of greater amounts of wind power in the short term, but 
also in the longer term play a key role in the development of a Smart Grid.  
 
 
The following chapters take into consideration mentioned above external factors that 
influences transmission investment and the cost-benefit solution for transmission planning is 
developed. Within the framework of this methodology, issues regarding new trends in 
transmission planning driven by wind generation can be analysed compared and finally 
answers established. 
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CHAPTER 3 
Cost Benefit Analysis for 
Transmission Investment 
Optimisation 
This Chapter describes the basic philosophy and key features of optimal transmission 
investment methodology. An illustration of these principles is given for cases comprised of a 
simple two-bus system and a dedicated software algorithm is developed for determining its 
optimal transmission capacity. These case studies were carried out on IEEE 24 Bus Reliability 
Test System.  
3.1 Optimal Investment in Transmission Networks  
 
 
The modelling of transmission network is not easy. It involves inputting demand forecasts and 
anticipated generation figures that may well be uncertain, especially in a competitive market 
environment, calculating marginal costs and the costs of constraints, running power flow 
models under different scenarios, and attempting to measure the benefits in terms of reduced 
congestion, increased reliability, reduction in the costs of exercise of market power, and 
reduce price volatility. The modelling may produce multiple solutions that are equally valid 
and might be explained or dismissed within the boundary.  
 
Transmission systems are networks and, for the most part power cannot be directed to flow on 
a particular path. That means that building a transmission line can actually increase network 
capacity by more than capacity of the new line. It can also decrease capacity on some other 
parts of the system. In addition, transmission network expansion planning is a complicated 
mathematical optimization problem. The complication of the problem arises mainly from the 
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large number of problem variables where technical and economical constraints are to be 
considered.  Compared with generation planning, network planning is more complicated. 
Firstly, network planning has to consider the practical network topology, and rights of way 
must be treated as independent decision variables. Therefore, the dimension of decision 
variables in network planning is greater than that in generation planning. Secondly, the 
constraints that the network planning must satisfy are very complex, including non-linear 
equations. Thus, it is difficult to obtain a complete network planning mathematical model, and 
it is even more difficult to solve it.  
 
The basic principle of network planning is to minimize the investment and operation cost 
while satisfying the requirement of delivering electric power safely and reliably to load 
centres. Here the reliability requirements include: 
 
 Normal operation requirements. When power system equipment is operated under good 
conditions.  
 Contingent operations requirements. When transmission or generation equipment is 
faulty, the electricity supply reliability requirements are still satisfied. 
 
Generally speaking, the network planning should answer the following questions: 
 
 Where to build a new transmission line? 
 When to build it? 
 What type of transmission line to build? 
 
3.2 Definition of Power System Security and Contingency 
Analysis 
 
Security is defined as the ability of power system to withstand sudden disturbances. In plain 
language, adequacy implies that sufficient generation and transmission resources are available 
to meet projected needs plus reserve for contingencies. Security implies that the power system 
will remain intact even after outages or equipment failures.  
 
Contingency analysis (CA) is performed on the list of “credible” contingency cases (single or 
multiple outages). Those contingencies that, if they occurred, would create steady-state 
emergencies must be identified and ranged in order of severity.  
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The traditional concept of contingency analysis is that each contingency should be simulated 
on the base case model of the power system. Then the calculated post-contingency operating 
state is checked for operating-limit violations. In principle, this is straightforward; a routine 
power flow solution must be run for each contingency case.  
 
The concept of contingency analysis generally consists of two parts: contingency selection 
and contingency evaluation. The number of potential contingencies at any moment in a large-
scale power system is very large and the time window for system operators to analyze trouble 
spots and take appropriate preventive (pre-contingency) and corrective (post-contingency) 
actions is quite limited. The earliest, and most widely used, method of contingency analysis 
employs linear sensitivity factors.  
 
Contingency selection: To reduce the computation time as systems continue to grow 
increasingly larger, the list of potential outage contingencies for CA could be selectively 
reduced by engineering judgment before submitting it to CA for further automatic selection.  
 
Contingency Evaluation (Preventive and Corrective Actions): Once contingency violations 
are identified, the system operator embarks on determine control actions that could partially 
alleviate or totally eliminate their threat. The control actions range from adjusting control 
transformers, or modifying the economic dispatch of units to a pre-calculated set of demand-
side participations alternatives.  
 
System security can be broken down into three major functions: 
 
 System monitoring 
 Contingency analysis 
 Security-constrained optimal power flow 
 
In security-constrained optimal power flow a contingency analysis is combined  with an 
optimal power flow which seeks to make changes to the optimal dispatch of generation, as 
well as other adjustments, so when a security analysis is run, no contingencies result in 
violations.  
 
Programs which make control adjustments to the base or pre-contingency operation to prevent 
violations in the post-contingency conditions are called “security-constrained optimal power 
flows” or SC-OPF.  
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The immediate goal is to continue with improvements in the computation of preventive and 
corrective control actions to assist dispatchers in decision making. The primary tools for 
achieving this goal are programs for solving various definitions of SCOPF problem. The 
preventive and corrective control actions for maintaining contingency in SCOPF represent a 
tradeoff between economics and security actions. A preventive dispatch for uncontrollable 
contingencies is included in the pre-contingency (i.e. steady state) solution of SCOPF for 
maintaining the economics and the secure operation of the system in the events of 
contingencies. However, the preventive dispatch is conservative and could be expansive and 
even infeasible for potentially dangerous contingencies. The corrective actions represent post-
contingency control actions for eliminating system violations. Such contingencies are referred 
as controllable contingencies.  
 
3.2.1 Power flow analysis – the “DC” Power Flow 
 
The power flow (load flow) analysis involves the calculation of power flows and voltages of a 
transmission network. Such calculations are required for the analysis of steady state as well as 
dynamic performance of the system. Many modern network planners use DC load flow 
models, which provide adequate capability.  In such systems, the voltage magnitudes may not 
be of great concern and the DC load flow provides sufficient accuracy with respect to the 
megawatt (MW) flows. For other systems, where voltage and reactive power is concern full 
AC load flow analysis is required. 
 
Many types of models have been used in literature for representing the transmission network 
in transmission expansion planning studies. The DC power model is based upon the following 
assumptions: 
 
 The impedance of a transmission line is almost entirely reactive 
 The angle between adjacent busses is small so we can express:  
1)cos(  ki  and )()sin( kiki   , where i and k are busses in the system 
 The value of voltage profile in a system is assumed to have a value 1 p.u 
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3.2.2 Network sensitivity factors 
 
The problem of studying thousands of possible outages became very difficult to solve if it is 
desired to present the results quickly. One of the easiest ways to provide a quick calculation 
of possible overloads is to use linear sensitivity factors.  These factors the approximate 
change in the line flows for changes in generation on the network configuration and are 
derived from the DC load flow. These factors can be derived in a variety of ways and 
basically come down to two types: 
 
 Generation shift factors 
 Line outage distribution factors 
 
The factors that show the changes in line flows with respect to the change of generation are 
called generation shift factors. They could be expressed as follows. 
 
i
l
li P
f
a 
       (3-1) 
 
where, 
l : Line index 
i : Bus index 
lf : Change in megawatt (MW) in power flow on line l when a change in 
generation, iP , occurs at bus i  
iP : Change in generation at bus i  
 
It is assumed that the change in generation, iP , is exactly compensated by an opposite 
change in generation at the reference bus, and that all other generators remain fixed. The new 
power flow on each line of the network due to the large generation unit outage can be 
calculated as follows: 
 
ililnewl Paff  0_        (3-2) 
 
where, 
newlf _ :  Flow  on line l  after the generator on bus i  fails 
:0lf  Flow before the failure 
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The “outage flow”, on each line can be co compared to line limits. The line distribution 
factors are used in a similar manner, only they apply to the testing for overloads when 
transmission circuit are lost. By definition, the line outage distribution factor has the 
following meaning: 
0,
k
l
kl f
f
d
       (3-3) 
where: 
kld , : Line outage distribution factor when monitoring line l after an outage on line k  
lf : Change in MW flow on line l  
0
kf : Original flow on line k before it was open 
 
 
The flow in line l with line k in outage can be determined using line distribution factors. 
 
0
,
0
_ kkllnewl fdff   
where: 
 
 
newlf _ : Flow on line l with line k  in outage  
0
lf , 0kf : Pre-outage flows on lines l and k , respectively 
 
3.2.3 Example of network sensitivity calculations - three bus system  
 
The implementation of generation shift factors and line outage distribution factors are 
illustrated with an example. Supposing that the three bus meshed network Figure 3.1, 
consisting of three generators, two loads and double circuit line between bus 1 and 2, and a 
single line between other buses. Assuming that two lines are in outage (line 1 and line 4) as it 
illustrated in Figure 3.1-dashed line, it is interesting to consider the impact of outage of lines 1 
and 4 in the system on final flows.  
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Line 1
Line 2
Line 4Line 3
G1=220 MW G2 = 20 MW
G3 = 10 MW
50 MW
200 MW
 
Figure 3.1 Three bus system example – line in outage, line 4 and line 2. 
 
The line impact of the N-2 outage is determined by modelling the outage as a “transfer” 
between the terminals of the line in outage. The lines are actually left in a system and the 
effects of its being dropped are modelled by transfer. The beauty of introducing a “transfer” is 
that we do not change a network configuration and in that way we do not use a lot 
computation time to re-establish a node–branch incidence matrix. The question is how to 
generate the sensitivity factors that model the system’s sensitivity after N-k branches have 
been lost6.  
 
The final flow in lines 1 and 3 when lines 2 and 4 are in outage can be calculated by the 
following formula, 



nc
n
outagetransferoutagell fdff
1
_
0     (3-4) 
 
The following notation was used:  
:lf  Final flow in line l  
:0lf Flow in line l , before outage of line k  
                                                 
6 Do observe the different meanings, N-2: where one line is in outage and the other is in maintenance;  N-D:, two 
lines are simultaneously in outage; N-k: more than 2 lines are in simultaneous outage. 
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:_ outagetransferf Transfer flow for line in outage 
:outaged Sensitivity matrix (line outage distribution factors), consist of columns 
of lines in outage of matrix d  
 
Analysing again the three bus system, the final flow in line 1 and 3 are calculated. Reactance 
X of each line is 0.2 p.u. Line outage sensitivity factors for the system are,  
 













1133.033.0
1133.038.0
50.055.0166.0
50.055.066.01
d  
A transfer flow in line in outage is modelled: 
 
outageoutageoutagetransfer FdinvF 0_ )(      (3-5) 
 
From the line sensitivity matrix d , the matrix outaged can be evaluated, giving: 
 
1 0.5
0.33 1outage
d
        
its inverse of outaged  is: 












133.0
133.0
50.01
55.066.0
outaged  
Finally, the transfer flow ( outagetransF _ ) for lines in outage becomes, 
 
  





95.55
98.108
4
2
_ F
F
dinvF outageoutagetrans  
 
 
When a system is studied for contingency analysis, economic dispatch is already known, thus 
the flow can be evaluated in each single line, which yields, 
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After the transfer flow is obtained, the final flows in the remaining lines are: 
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0
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98.108
133.0
133.0
50.01
50.066.0
20
60
80
80
lf  
From this result, it is obvious that flows in lines 2 and 4 are zero, as those are the lines that are 
in outage. The values of the final flow are correct as they satisfied power flow equations.  
 
3.2.4 Security constrained DC – OPF 
 
In the sections before we introduced the concept of security analysis and the idea that a power 
system could be constrained to operate in a secure manner. Programs which make control 
adjustments to the base or pre-contingency operation to prevent violations in the post-
contingency conditions are called “security-constrained optimal power flows,” or SC OPF. 
The SC-OPF is distinguished from an economic dispatch by the fact that it constantly updates 
a power flow of the transmission system as it progress toward the minimum of the objective 
function. One advantage of having the power flow updated is the fact that constraints can be 
added to the OPF that reflect the limits which must be respected in the transmission system.  
Thus, the OPF allows us to reach an optimum with limits on network components recognized.  
An extension to this procedure is to add constraints that model the limits on components 
during the contingency conditions. That is, the new “security constraints” or “contingency 
constraints” allow the OPF to meet pre-contingency limits as well as post-contingency limits. 
There is a price to pay, however, and that is the fact as we iterate the OPF with DC power 
flow, we must run power flows for all the contingency cases being observed. This is 
illustrated in Figure 3.2.  
 
In Figure 3.2, the contingency analysis starts by contingency screening algorithm of the 
power system and identifying the potential worst-contingency cases. Not all of studied cases 
are going to result in a post-contingency violation and it is important to limit the number of 
full power flows that executed. This is especially important in the SC-OPF, where each 
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contingency power flow may result in new contingency constraints being added to the OPF. 
The detailed contingency screening algorithm is presented in  
Figure 3.3. All the (N-k) contingency cases are under consideration and must be solved by 
running a power flow. When the power flow results in security violation, the power system 
model is used to create a contingency constraint. In fact, what is done is to run a network 
sensitivity calculation on the network with the contingency outage and save the resulting 
constraint sensitivities. When all contingency power flows are complete, all the contingency 
constraints are added to the OPF model and it is solved. Note, if the contingency screening 
algorithm does not pick up any new contingencies the SC DC-OPF can end, if new 
contingency is found, it must add to the list and continue.  
 
 
CHAPTER 3: Cost Benefit Analysis for Transmission Investment  49
3.2.5 Security constrained DC – OPF flow chart 
Start
End
Input Data
Determine node branch matrix
Run DC Power Flow on each line 
in intact system
Contingency Screening 
Algoritham
Check all lines for overload 
after generator and lines 
outages
If Iteration =1 and overload
Solve LP Optimization Problem
Iteration = Iteration +1
YES
NO
Create LP
Optimisation problem
Output  Data:
Network data
Generation Data 
Demand Data
Use of DashXpress as 
optimising tool
Construct Ybus matrix
Construct Xbus matrix 
Construct H matrix
ITERATION = 1
Ybus matrix – admittance matrix
Xbus matrix – inverse of Ybus matrix
H matrix -sensitivity matrix
Network topology is 
defined by the node-
incidence matrix
 
Figure 3.2 Security constrained DC- OPF flow chart. 
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3.2.6 Contingency screening algorithm 
 
Start
Stop
INPUT DATA:
First analysed line
First contingency
Last line ?
OUTPUT DATA:
List of active 
contingencies
Check all lines for overload after 
generator and lines outages
Calculate flow for contingency and 
analysed line
First period
Last period ?
Next 
period
Next 
contin
gency YES Add active contingency in 
contingency list
Last contingency 
?
NO
Next 
line
YES
NO
NO
NO
YES
YES
Generation(in  intact system)
Network scenario
H matrix
List of line contingency and generator 
contingency
 
 
Figure 3.3 Contingency screening algorithm. 
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3.3 General problem definition and mathematical 
formulation 
 
The optimization problem, in general, involves finding the best value, maximum or minimum, 
of an objective function, which depends on a set of parameters (i.e., state variables x ) by 
adjusting a set of parameters (i.e., control variables u ) in a model. 
 
Consider the objective function f  is a function of the variable x the constrained optimization 
problem, could be stated as: 
Minimize  ),( xuf      (3-6) 
 
Subject to system equality constraints 
0),( xug        (3-7) 
 
And set of inequality constraints 
0),( xug        (3-8) 
 
Where u is set of controllable quantities in the system (e.g. generator MW outputs, line 
capacity, phase – shifter taps), and x is the set of dependent variables (e.g. branch MW flows, 
operating reserve).  
 
A DC based multi-period security constrained optimal power flow algorithm for determining 
the above mention optimal balance is developed. Determining optimal balance is therefore 
formulated as a global optimisation problem to minimise investment cost, the cost of 
preventive actions (pre-contingency generation operating cost) and cost of corrective actions 
(demand-side corrective actions and reserve services). Optimisation is subject to constraints 
imposed by Kirchhoff’s current laws, network security requirements as well as generator 
output and line thermal limits.  
 
The problem is modelled assuming “green field” transmission planning problem (existing 
transmission capacity is zero). In order to take into account annual load variations, the 
problem is formulated in a multi-demand period framework using a yearly load duration 
curve. This formulation also assumes a fixed network topology. The solver (DashXpress) is 
applied to obtain the results of the remaining linear large-scale optimisation problem. 
 
 
 52
3.3.1 Assumptions7 
 
Without lost of generality, several appropriate simplifying assumptions are made. The most 
important that need to be mention explicitly are the following:  
 
Network: 
 fix network topology 
 the problem was modelled assuming “green field planning” (i.e. existing transmission 
capacity is zero) 
 purely inductive reactance of the lines. 
 
Generation:  
 the generator ramp-rate dynamic constraints are not modeled in the system 
 start-up cost (quasi-fix cost) are not modeled in the system 
 no-load cost (quasi-fix cost) are modelled in the system 
 losses, reactive power, voltage and related issues to dynamic stability are neglected. 
 
3.3.2 Objective function, equality and inequality constraints 
 
 
The above model calculates the vectors for: 
 
 optimal circuit capacity  
 optimal secure generation dispatch for each period 
 on-line generation unit status per period 
 optimal reserve allocation per unit and period 
 demand side participation (DSP) 
 demand reduction per period. 
 
To determine optimal mix of investment, preventive and corrective security, a balance must 
be obtained between the following components:  
 investment cost 
 cost of preventive actions for generation 
                                                 
7 Please do note that these are general assumptions. More detailed assumptions for each presented analysis will be 
explicitly given in the corresponding section.  
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 cost of making corrective actions available (demand side participations) 
 expected cost of implementing corrective actions for demand side. 
 
In order to evaluate the total cost of supplying the load, in addition to operating cost, the cost 
of transmission has to be included. As the adopted time horizon is one year, the cost of 
transmission is annuitised. For a given transmission voltage level, the cost of each of the 
circuits can be approximately decomposed into two components: a variable cost component  
inv
lF  that is dependant on the circuit capacity components and a fixed cost component lfF  
that is independent of the capacity invlF . Therefore, the annuitised capacity related cost of the 
transmission link can be expressed as follows: 
 
inv
llf
inv
llfl FlkFFFF      (3-9) 
 
where k represents the annuitised marginal circuit capital costs, including reasonable profit 
and cost of managing the capital (£/MW/km/year). It should be pointed out that in this work 
the fixed costs and the annuitised marginal circuit capital costs are combined into a single 
transmission expansion constant (in £/MW/km/year). The transmission expansion constant 
used by NG in their planning studies is determined on this basis.  
 
The cost of preventive action is equal to the difference between the costs of running 
generators out of merit order and of running them in merit order (i.e. the unconstrained 
generation cost). Since unconstrained generation cost depends only on load, it can be 
considered as fixed and the cost of preventive action can be presented by the total generation 
cost. 
 
In the case of demand the cost of making corrective actions available is equal to the sum of 
the options fees paid to customers who make their load available for curtailment. The 
expected cost of implementing corrective actions is computed by multiplying the utilisation 
cost fee by the expected values of the number of outage, of the duration of each outage and 
the amount of load reduction.  
 
It is important to remember that system power balance is normally preserved after line 
outages. The use of demand side ( tciD ) as corrective action results in a corresponding 
surplus in generation, and the system frequency would consequently increase. It is assumed 
that some of the generators, participating in load following and system frequency control, 
would automatically reduce their output to restore the balance between generation and 
demand in post-contingency situation. In the case of generation outages, available demand 
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response (load management services) and system reserve are used to overcome the generation 
deficit.  
 
The above problem may be stated as follows: 
 
Minimise: Investment cost + Preventive actions costs (generation) + Corrective 
actions costs (demand side response and reserve services) 
 
 
Nomenclature 
 
PeriodsN : number of periods 
:m  number of lines 
n : number of buses 
cn : number of contingencies 
t : 
duration of period t including intact system and contingency,  


nc
c
tct
0
  
tcN : expected number of occurrence of contingency c during the demand period t 
tc : duration of load interruption in demand period t for contingency (h/year) 
ctctc N    
lk : annuitised investment cost for line l (£/(MW.km.year)) 
inv
lF : additional transmission capacity for line l 
t
ic  : linear coefficient of operating cost function at bus i and period t (£/MWh)  
minmax
minmax
PP
CC
cti 
 , where  
maxC  = maxmax Pc   
minC  = minmin Pc   
maxc  - fuel cost at maximum output of generator 
minc  - fuel cost at minimum output of generator 
maxP  - maximum output of generator 
minP - minimum stable generation, for standing reserve 0min P  
 
0t
iP : conventional generation during the intact system. It also represent a deviation  from 
initial generation, as initial generation for conventional generator is 0 (note 
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to
i
t
i PP   0 ) 
0t
iP : deviation from initial wind generation in bus i during the period t 
tc
iP : post contingency constrained-on re-dispatch of generation at bus i at period t 
tc
iP : post contingency constraint-off re-dispatch of generation at bus i at period t 
t
iP : initial generation in bus i during the period t  
t
iP = 0 for conventional generation in bus i during the period t 
 tiP = maximum wind  for wind generation output in bus i in period t 
0t
iP : deviation from initial generation in bus i during the period t 
tc
iP : post-contingency re-dispatch of generation in bus i during the period t 
      
0t
iP : 
intact generation in bus i during the period t (includes all generation types) 
t
ic  : constraint-off cost of wind generator at bus i for period t (£/MWh) 
fiC : fix coefficient of operating cost function of generator i (£/h) 
min
minmax
minmax
min )( PPP
CCCC fi 

 
minP - minimum stable generation, for standing reserve 0min P  
t
i : on line status of generator i for period t 
t
i = 1, denotes available generator 
t
i = 0, denotes unavailable generator 
t
fic  : post contingency constraint-on re-dispatch cost of generator i for period t (£/MWh) 
t
fic  : post contingency constraint-off re-dispatch cost of generation at bus i  (£/MWh) 
i : binary decision variable 
1i , demand at node i is committed to supply corrective actions 
0i , demand at node i is not committed to supply corrective actions 
iO : availability cost paid to demand at node i to provide corrective actions (£/year) 
iE : utilisation cost paid to demand at node i to provide corrective actions (£/MWh) 
tc
iD : demand reduction at node i (corrective control) for contingency c during period t 
max
iP : maximum generation 
min
iP : minimum stable generation 
c
gi : cgi =1, denotes generator is not in outage in contingency 
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c
gi =0, denotes generator is in outage in contingency 
max
iD : maximum load reduction at node i 
t
rs  
spinning reserve allocation provided by generator i in period t (MW) 
tSR  
minimum total spinning reserve requirements at period t (MW) 
max
lF : maximum existing transmission capacity for line l 
0t
lF : estimation of flow in intact system 
tc
lF : flow through line l  in period t including intact system and contingency c 
0F : vector of flows in intact system 
outageF0 : consist of rows of lines in outage of vector 0F  
H : sensitivity matrix (Generator shift sensitivity factors) 
 : sensitivity matrix (Quadrature booster shift sensitivity factors) 
to : change of phase-shift angle in intact system 
tc : change of phase-shift angle in post-contingency period 
QBn : number of Phase Shifter Transformers (Quadrature Boosters) in the network 
d : sensitivity matrix (line outage sensitivity factors) 
outaged : consist of columns of lines in outage of sensitivity matrix d  
1outaged : consist of rows of lines in outage of matrix outaged , dimension  kxk , where k is 
number of lines in outage 
outageH : consist of rows of lines in outage of matrix  H  
outage : consist of rows of lines in outage of matrix    
 
In mathematical terms, the objective function to be minimised is given by: 
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Since this problem covers several demand periods over a year, the constraints must be 
satisfied for intact and for contingency situation in each demand period. Using a DC power 
flow formulation the losses are neglected. The symbols used in the constraints are defined 
below: 
 
First two equations are the nodal balance constraint for intact and contingency system 
(Kirchhoff’s current law) which requires that the total power flowing into the node must equal 
that flowing out of the node: 
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where 
t = 1… PeriodsN , i =1… n  and c = 1… cn  
 
 
 
The optimisation must respect the specified generator output, i.e.: 
 
maxtmin
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c
gi PPPP      in intact system   (3-13) 
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gi PPPP                        in contingency system  
 
t = 1… PeriodsN , i =1… n  and c = 0… cn  
 
where 
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t = 1… PeriodsN , i =1… n  and c = 1… cn  
 
 
The optimisation must take into account the constraints on load reduction availability:  
 
max0 tii
tc
i DD       (3-16) 
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Optimisation should also consider the constraints on operating reserve: 
 
0max t
ii
t
i
t
r PPs i        (3-17) 
 
t = 1… PeriodsN , i =1… n  
 
 
Line thermal capacity invlF  is free to take any value, as one of the objects of the optimisation 
is to determine the optimal value of this variable. 
 
 invlF0                         (3-18) 
 
Finally, the equations below represent transmission thermal constraints, including 
transformers and phase-shifter transformers (Quadrature Boosters (QBs)).   
 
In intact system: 
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where 0tlF is one of the elements of  matrix  0tF  and is calculated as follows: 
          0000 )( ttt PHFF                     (3-19) 
 
t = 1… PeriodsN , i = 1…n, l = 1… m ,  j=1 …nQB 
And for contingency system: 
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l=1...m, t =1… PeriodsN , c = 1… cn  
 
where tclF is calculated as follows: 
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l =1… m , t = 1… PeriodsN , c = 1… cn ,  j = 1 …nQB 
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Where factors a, b and c are expressed in matrix notation: 
 
       outageoutageoutage FddFa 0110    
       outageoutageoutage HddHb  11  
       outageoutageoutage ddc   11  
All other parameters in the above equations are either specified or determined from the 
network topology and data provided.   
 
3.4 Balancing the Cost of Constraints and Investment 
Cost 
 
In this section, the fundamental idea and the essential characteristics of the optimal 
transmission investment for the transmission system is illustrated with a simple example.  
 
3.4.1 Numerical example - two bus system example  
 
A system is shown in Figure 3.4 consist of two identical transmission circuits that connect 
two buses, bus 1 and bus 2 which have marginal production costs 1gC and 2gC ( 1gC < 2gC ) 
respectively. Yearly variations of the system load demand )(tD , connected to area 2, are 
described by its load duration curve shown in the Figure 3.5. Maximum load demand is 
maxD while T stands for 8760 h.  
 
1 2
D
F
F
G2G1
 
Figure 3.4 Two bus system example. 
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Assumptions: 
 the total generation capacities in both areas exceed the maximum load maxD ( i.e. each 
area can supply the load individually)  
 generation reserve requirements are not taken into consideration 
 losses, reactive power, voltage and dynamic stability related issues are neglected. 
 
 
Figure 3.5 Load duration curve. 
 
For illustrative purposes, the following values for the relevant parameters are assumed, 
 
1000MWD
1000kmL
year£30/MW/km/k
£42/MWhC
£25/MWhC
max
g2
g1





 
 
The optimal transmission capacity is found to be 594 MW. The optimal value of cost of 
constraints (out-merit-order gen. cost) is approximately equal to £12.1 M, and the annuitized 
investment cost is equal to approximately £36M. Calculated values for annual constraint cost, 
annuitized investment cost and total transmission cost for several values of transmission 
circuit capacities are given in Table 3.1. 
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Table 3.1 Variations of costs with transmission capacity. 
Transmission 
Capacity (MW) 
Annual 
constraint cost 
(£m) 
Annuitized 
Investment 
cost (£m) 
Merit-order 
gen. cost 
(£m) 
Out-merit-
order gen. 
cost (£m) 
Total annual 
transmission 
cost (£m) 
0 184 0 110 74 184 
200 1574 12 110 48 169. 
400 1364 24 110 27 160 
594 122 36 110 12 157.446 
600 121 36 110 12 157.448 
800 113 48 110 3 161 
900 110 54 110 1 164 
1000 110 60 110 0 169 
 
From Figure 3.6, the optimal capacity for the transmission link between buses 1 and 2 
corresponds to the point where the total system costs attain their minimum value 
(approximately 600MW). Referring to Table 3.1, it should be noticed that the operating costs 
continue to decrease beyond the optimal level of circuit capacity, indicating that transmission 
investment confers some benefit in terms of reduced out-of-merit generation costs. However, 
this reduction in out-of-merit generation cost comes at the expense of higher total costs. It 
follows that, in general, network investment beyond the optimal level should be discouraged. 
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Figure 3.6 Total system costs for different transmission capacities. 
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3.4.2 IEEE 24-bus reliability test system 
 
All the case studies were carried out on the modified IEEE 24 bus reliability test system 
whose network, generator, node demand and periodic demand data are given in Appendix A.  
A summary of the system and initial-case scenario on which all the case studies were based is 
given in Table 3.2. 
 
Table 3.2 Summaries of the system and base case scenario. 
Number of nodes 24 
Number of lines 38 
Number of QB 0 
Number of generators 31 
Operating reserve provided 0 
Number of demand periods 50 
Demand side corrective actions 0 
Number of lines contingencies8 42 (37 single and 5 double) 
Number of generator contingencies 0 
System peak demand 2850 MW 
 
The case study performed includes the following: 
 
 Test of N-k contingency 
 Impact of security 
 
The level of capacity investments required for delivery of power without taking security into 
account was found to be £6.2 million. This figure rises to £11 million when credible single 
and double circuit contingencies are modelled. Thus approximately 43% of the network 
capacity costs are due to the requirement to satisfy security constraints. In actual networks, 
this figure is usually higher due to the discrete nature of line capacities and the inclusion of 
other types of security constraints mainly voltage and dynamic/transient stability. In Figure 
3.7 the intact network flows for the maximum demand period are compared with the optimal 
capacity. Except for a very small number of lines, line loading falls below 50% of the optimal 
capacity confirming the importance of security issues. 
                                                 
8 It should be observed that there are only 37 single outages. Outage of line 7-8 is not possible due to the islanding 
process and double outages 21-22 &17-22, 8-9 & 8-10 are not possible since they caused the same problem to the 
network. 
 
CHAPTER 3: Cost Benefit Analysis for Transmission Investment  63
 
0
200
400
600
800
1000
1200
1400
1600
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37
C
ap
ac
ity
 (M
W
)
Line number
capacity for pure transport capacity for security
 
Figure 3.7 Comparison of optimal capacity with capacity needed for intact system flows during 
the maximum demand period. 
 
The over-invested case is presented in Table 3.3 simply using optimal transmission capacity 
factor up to 2. It can be observed that a system over-designed by a factor of up to 1.5 confers 
some benefit to the system since generator operating costs continue to fall. However over-
design by a factor of 1.5 does not benefit the system, as generator costs cannot be improved 
beyond those achievable when the network is twice that of the optimal capacity. Clearly there 
is very little incentive to over-invest, as the rewards are simply not worth it. The case of 
under-investment was not simulated  
 
Table 3.3: Investment strategy for over-invested system. 
Optimal capacity 
factor 
Total operating and 
investment cost (£m) 
Investment 
cost (£m) 
Generator 
operating costs (£m) 
1 130 11 118 
1.1 131 12 118 
1.2 133 15 118 
1.5 137 18 118 
2 140 22 118 
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3.5 Remarks on This Chapter 
 
A DC based rigorous method for computing the optimal transmission capacity while 
simultaneously optimising generation dispatch has been presented. The solution algorithm 
uses the optimisation solver DashXpress to handle the large-scale nature of the optimisation 
problem.  
 
Case studies carried out on the two bus system and the IEEE 24 bus reliability test system 
clearly show that network security accounts for a significant component of the total 
investment costs for the optimal network. 
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CHAPTER 4 
Transmission Capacity for Systems 
with Wind Generation 
In transmission system planning, security considerations determine the minimum required 
transfer capacity across the system boundaries. However, given the potentially high costs of 
generation constraints that might occur, economic considerations may require additional 
capacity to be installed. Of particular concern is the requirement to constrain off high merit 
(low cost) generation. In practice, full cost-benefit appraisal for additional transfer capacity is 
conducted after security driven capacity has been determined. Additional (or less) capacity 
can be justified only if the benefit is greater than the cost. Whatever the decision is, the 
transmission licensee should ensure that they can operate in compliance with their license 
agreement.  
 
This chapter describes the results obtained when the previously described methodology was 
used to conducted studies to determine optimal transmission capacity in a system with wind 
generation. The purpose of these studies was to develop fundamental understanding and 
provide evidence to the development of a practical but suitably robust economic appraisal 
methodology for the planning of transmission capacity on a system that has a significant 
amount of “intermittent” wind generation. The cost benefit analyses were first performed on a 
two bus system and then on the simplified GB Transmission System.  
 
The investment optimisation methodology that was used (as it was outline in Chapter 3)  
through simulation and optimisation of the system operation across an annual time horizon 
balances the annual generation costs and amortised investment costs in order to analyse the 
need for transmission system reinforcements. One of the major contributions of the developed 
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methodology (chapter 3) is the inclusion of wind modelling into the transmission investment 
model. The proposed methodology yields optimal transmission capacities in the system when 
wind generation is included. The results of these studies are presented and explored below.   
 
4.1  Case Studies 
 
In this section, the fundamentals of optimal investment of transmission network with wind 
generation will be illustrated on a simple example consisting of a two bus system. The 
example is designed to illustrate the impact of wind generation on driving capacity 
reinforcements in system design for economic efficiency. Furthermore, this Chapter presents 
the methodology and implementation of these concepts on a large transmission network with 
significant amount of wind generation.  
 
In chapter 2 several issues were mentioned in relation to wind generation and corresponding 
power flows across parts of the transmission system in Great Britain. Specifically, 
transmission power flows are already predominately north-south, as Scotland’s generation 
capacity surpasses its demand. Analysing the current transmission network shows high 
congestion of the main transmission circuits going from Scotland to England. Inclusion of the 
16GW of additional wind generation connections already planned in this network is already 
an issue, particularly as 11GW is in Scotland. Accomplishment of any segment of these 
planned works will certainly induce additional costs to the network. This is evident not only 
because of adding up new lines to an already congested network but because wind generation, 
in spite of having negligible marginal costs, implies several changes to the network with 
respect to operation and planning, therefore bringing up new costs. 
 
4.2 Two Bus System Example 
 
The system shown in Figure 4.1 consists of two identical transmission circuits that connect 
two areas, namely area A (representing Scotland) and area B (representing England). The 
system under study is characterised by 5GW peak demand in area A and 45GW peak demand 
in area B. Area A also has the presence of wind power with an increasing penetration level 
varying from 0 to 9.5 GW.  Yearly variations of the system load demands in area A and area 
B are described in the section describing load model, while the inclusion of wind power into 
the network is treated in the section related to wind modelling. Duration of the whole demand 
is 8760 hours (i.e. one year).  
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Scotland 
England 
D1= 5 GW
D2= 45 GW
Gc1 Gw1
Gc2
AREA A
AREA B
Conventional Generation:
Varying Capacity
Wind Generation:
Varying Capacity
Conventional Generation:
62 – Gc1-Gw1  
Figure 4.1 Two bus system example illustrating the methodology for determining transmission 
capacity requirements driven by economic efficiency in system with varying penetration wind. 
 
4.2.1 The system data 
 
The parameters that characterise the two bus system – and will be employed as input to the 
optimisation planning problem – are the following: 
 
 Generator 1cG  represents conventional generator located in area A. Its install 
conventional generation capacity varies between 0, 5 GW and 10 GW and  constraint-on 
cost varies between discrete values (1,  5 and £10/MWh) 
 Generator 1wG  represents the wind generator located in area 1. 
 
Install wind generation is shown in Table 4.1 and wind shedding costs are £30/MWh. 
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Table 4.1  Wind generation data. 
1wG  (MW) 0 1500 3000 4500 6500 9500 
1wEG (MW) 0 500 1000 1500 2000 2500 
 
where: 
1wEG  - equivalent wind  
 
 Generator 2cG  is the conventional generator located in area B; installed conventional 
generation 2cG = 62- 1wG - 1cG  (62 MW is obtained with 24 % capacity margin); constraint-
on cost varies between discrete values (1, 5 and £10/MWh). 
 
 Transmission line connects areas A and B. The line is assumed to have one of the three  
different length values, namely 200, 600 and 1000 km. Transmission investment cost is 
£30/MW/km/year and reactance of the transmission line is 0.02 (p.u.). 
 
Modelling assumptions 
In order to compute the optimal transmission capacity simplify assumptions are helpful: 
 
 the total generation capacities from all generators exceeded the maximum (peak load)  
 generation reserve requirements are not taken into consideration 
 demand side corrective action is not available 
 generation ramp-rate limits and start-up cost are not modelled in the system 
 losses, reactive power, voltage and dynamic stability related issues are neglected. 
 
4.3 Input Data - Profiling Technique 
 
Dimensioning of the transmission network in electric power systems depends on several 
factors among which yearly variations in demand, relative geographical distribution of 
demand and generation as well as generator operating limits and cost characteristics are the 
most relevant. Because of these factors, it is often the case that the system peak demand does 
not necessarily dictate the dimensioning of the transmission network. It is therefore very 
important that these factors are modelled properly in any algorithm used for determining the 
optimal capacity of a transmission network.   
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4.3.1 Load model 
 
In this research the annual variations in demand are modelled as a load duration curve which 
is itself divided into a number of discrete demand periods. To simplify the analysis it is 
assumed that there is no linkage between generation decisions in different periods; thus 
effectively ignoring generation start up and ramping constraints. 
 
To a start the analysis an annual chronological hourly-peak load variation curve comprising 
seven representative days of the year is created. Out of this set of days, six represent 
weekdays and weekends of the three seasons namely winter, summer and spring/autumn 
(Figure 4.2). The last day represents the winter peak period to ensure that the system peak is 
not lost in the averaging process used to create the representative days. Each representative 
day is made of 6 demand levels consist of 4 hours, whose duration is determined by the 
number of such days there are in the year. 
 
The number of periods depends on the criteria set for combining load levels. For instance, if 
individual hourly peak loads were different and were to be represented as such, 8760 periods 
could theoretically be defined representing each hour of the year. In practice this is rarely the 
case and, therefore, a much lower number of periods are used to capture the characteristic 
features of the demand profile during the year. In this work the load duration curve comprises 
36 demand periods. A pictorial illustration of load profiles used is shown in Figure 4.2. 
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Figure 4.2 Typical load profiles for 6 characteristic days. 
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An example of a daily load profile with aggregated intervals is shown in Figure 4.3. 
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Figure 4.3 A daily load profile with aggregated intervals. 
 
4.3.2 Wind modelling 
 
For wind modelling the normalised half-hourly annual wind plant output profile in Figure 4.4  
was used. The wind generation dataset to be used in the modelling was derived from the 
average wind data collected from various locations of wind farms across the UK. The wind 
generation dataset constitutes a 35% load factor.  
 
For each loading condition, data for wind generation associated with the time interval used for 
classifying load levels is grouped into five output levels, started from 0% to 100% with 20% 
interval. Therefore, for each loading condition, there are 5 potential wind output levels and 
this leads to 180 (36 x 5) different operating scenarios.  
 
For the transmission investment studies, it was assumed that the wind plant would be 
expected to run at full output whenever available. Given that the marginal cost of fuel for 
wind generation is zero (i.e. negligible), such assumption is deemed to be valid. However, 
wind generation can be curtailed in order to manage network congestion. Therefore the 
curtailment will incur cost to the system operation. 
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Figure 4.4  Annual half-hourly normalised wind profile.  
 
4.4 Cost Benefit Analysis to Determine Economically 
Optimal Investment 
 
When addressing transmission system reinforcement to accommodate new connections of 
wind generation, consideration of the cost-benefit implications related to these connections 
may justify the installation of additional network capacity to allow efficient utilisation of low 
marginal cost generators. Decisions taken to reinforce transmission can be justified if the 
savings in the marginal reduction in generation costs (marginal cost of constraints) are greater 
than the marginal transmission network investment cost. It can be deduced that flexibility 
upon reinforcement of transmission line is dependant on a critical factor, namely the marginal 
reduction in out-of-merit generation cost originated by inclusion of wind generation. If this 
factor is larger than network investment cost then decisions regarding reinforcement of 
transmission line are possible.   
 
In the analysis of the two bus system it is assumed that wind penetration levels in Scotland 
(area A) are allowed to vary from zero to 9500MW. On the other hand, the installed 
generation capacities of the conventional generation in area A are allowed to vary from zero 
to 10,000MW. As it was explained in the description of the system data, the installed 
generation in area B is calculated as the result of 62 GW minus wind generation and minus 
conventional generation in area A, where 62 MW represent 24 % capacity margin. 
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The impact of wind generation on the transmission network is driven by several factors. The 
main goal of this analysis is to define drivers of transmission capacity in the case when area is 
dominated by wind power technology alone or when it is combined with conventional 
generation. The presented considerations will be helpful for comprehension of the 
fundamentals in the assessment of further case studies. The two case studies will be first 
studied in detail starting from the answers to a research question. It will then follow a number 
of case studies on simplified GB transmission system.    
 
Case study 1: What determines transmission capacity in the case when area A is dominated 
by wind power technology alone with varying capacity from zero to 9.5 GW and, conversely, 
area B comprises conventional generation? 
 
Figure 4.5 illustrates the case of a transmission line between the two areas (A and B) with a 
length of 600 km. For conventional generation in area B the constrained on costs are 
£1/MWh, and the cost of curtailing wind output in area A is £30/MWh. The red arrow line 
shows how the “trend” of required transmission capacity is changing as the wind penetration 
level, is increased from 0 to 9500MW (colour key to the level of wind penetration is at the top 
of the graph).  
 
 
Figure 4.5 Optimal transmission capacity results for different wind penetration levels.  
 
It is important to mention that the length of transmission line and constrained-on cost of 
generators are not relevant for the required transmission capacity. When a conventional 
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generator in Scotland is not producing energy, the required transmission capacity diminishes, 
with increasing wind generation. In most cases (from 0 to 6000MW of wind penetration) area 
A is the importing area. One of drivers for capacity requirement is pattern and time of the 
output of wind generation (operational characteristic driver). We can explain this as wind 
generation output is driven by factors outside human control such as weather and is therefore, 
not well correlated with demand conditions (typically, conventional generation is load 
dependant). 
 
As an example when wind strength allows wind generation to run with 10 % of its output and 
demand is at peak, in order to satisfy the demand (which can not be curtailed) the energy flow 
goes from area B to area A (import flow). When the wind blows more (wind penetration 9.5 
GW) then wind generation exceeds the peak demand in the area A and the energy flow goes 
from area A to area B (export flow). The answer to what drives transmission capacity might 
not be the same. In this case depending on wind it is possible for area A either to become the 
importing area or the exporting one. Complete results of the required transmission capacity 
are shown in Table 4.2, which illustrates that there is no conventional generation and different 
wind penetration level in area A while area B has only conventional generation; cAG : 
installed conventional generation in area A, wAG : wind penetration level in area A and cBG :  
conventional generation in area B.  
 
Table 4.2 Transmission capacity for wind generation and no-conventional generation in Scotland. 
Generation capacity (MW) cAG  wAG  cBG  Transmission 
Capacity (MW) 
Input data 0 0 0 5000 
0 3000 49698 4699 
0 4500 49548 4548 
0 6000 49347 4347 
0 9500 49046 4045 
 
Now that wind is the only source of exporting power it becomes economically viable to install 
transmission line to accommodate full peak output of wind generation and prevent the 
curtailment of zero-marginal cost generator. In Table 4.2 result 4045 MW highlighted in bold 
is driven by operational characteristic (import flow). The converse to what is expected: export 
flow. 
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Analysing in more detail power flow layout between area A and area B in Figure 4.6 curves 
represent the values of initial flows, during the year and are given for different wind 
penetration levels. The bold red line represents 4045MW of transmission capacity for no 
conventional generation in Scotland and 9500MW of wind generation in Scotland. 
 
Figure 4.6 Layout of power flows. 
 
It can be calculated that 4045MW is obtained as the difference between peak demand in area 
A and 10% of wind output 950 MW (wind generation is not starting from 0MW, as a 
consequence of this there are  4054 and not 4050MW). But there must be some threshold time 
of import when transmission capacity will be driven by export, or area A will became 
exporting area.  
 
In case when wind penetration is equal to 9500MW and generation of conventional generator 
is equal to zero, decisions taken to reinforce transmission can be justified if the savings in the 
marginal reduction in generation costs (marginal cost of constraints) are greater than the 
marginal transmission network investment cost.   
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l : length of the transmission line 
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tt : import threshold time 
t
gic  : 
constraint-on cost of conventional generation 
t
wic  : 
wind shedding cost 
Export/Import threshold  
 
Based on the mentioned formula (4-1) the time threshold can be calculated for each case 
study for different transmission length and constrained on cost. The results are presented in 
Table 4.3. Values smaller than 542.5 hours (highlighted in bold) are the duration of 
constraining off the wind generation in the exporting area implying that transmission capacity 
is driven by export. For example the case study for the time threshold 193.5 hours represents 
the time threshold of constraining-off wind generation in the exporting area. Generator 
operating costs are in balance with the transmission network investment cost. If that duration 
increases it will be cost-effective to invest in the transmission line rather than constraining off 
wind generation in exporting area.  
 
When the duration of the threshold is longer than import threshold time (542.5 hours), import 
drives transmission capacity. In other words that is the time duration of constraining on 
conventional generator in area B. For example if we look at the case study length 1000 km 
and constrained on cost £10/MWh, the threshold time is 750 hours, i.e. duration of 
constraining on conventional generation in area B. For times longer than this, investment in 
transmission line is economically justified.  
Table 4.3 Export and import critical times for different transmission line length. 
Length 
(km) 
Constraint-on  
cost 
(£/MWh) 
Trans. Investment  
Cost 
(£/MW/km) 
Wind shedding  
cost 
(£/MWh) 
criticalt  (h) Transmission 
Capacity 
(MW) 
200 1 30 30 193.5 5151 
200 5 30 30 171.4 5163 
200 10 30 30 150.0 5249 
600 1 30 30 580.6 4045 
600 5 30 30 514.3 4211 
600 10 30 30 450.0 4390 
1000 1 30 30 967.7 4045 
1000 5 30 30 857.1 4045 
1000 10 30 30 750.0 4045 
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Case study 2: What determines transmission capacity in the case when area A is consisting of 
conventional and wind generation whilst area B comprises conventional generation? 
 
For illustrative purposes the following situation will be analysed: 5000MW of conventional 
generation and 9500MW of wind penetration, both in Scotland. The length of the 
transmission line is 200km, and the constrained-on cost of conventional generation is 10 
£/MWh.  With a wind generation of 9500MW and 5000MW of conventional generation in 
Scotland the required transmission capacity is 5249MW. The impact of wind generation on 
transmission network is driven by a series of factors. These drivers can be separated into 
locational and operation characteristics. In theory to accommodate peak output would require 
the construction of 9.5GW of capacity in this location (i.e. total generation capacity in 
Scotland minus local demand i.e.  5GW + 9.5GW – 5GW = 9.5GW). However, from formula 
(4-1) the time threshold can be calculated for each case study for different transmission length 
and constrained on cost. The results are presented in Table 4.3. Values smaller than 542.5 
hours (highlighted in bold) are the duration of constraining off the wind generation in the 
exporting area implying that transmission capacity is driven by export. For example the case 
study for the time threshold 193.5 hours represents the time threshold of constraining-off 
wind generation in the exporting area. Generator operating costs are in balance with the 
transmission network investment cost. If that duration increases it will be cost-effective to 
invest in the transmission line rather than constraining off wind generation in exporting area.  
 
When the duration of the threshold is longer than import threshold time (542.5 hours), import 
drives transmission capacity. In other words that is the time duration of constraining on 
conventional generator in area B. For example if we look at the case study length 1000 km 
and constrained on cost £10/MWh, the threshold time is 750 hours, i.e. duration of 
constraining on conventional generation in area B. For times longer than this, investment in 
transmission line is economically justified. Table 4.3 it can be observed that economically 
optimal network capacity in the transmission line should be set at 5.3GW. 
 
 
This result provides clear evidence that it is not cost-effective to invest in transmission to 
accommodate simultaneous peak outputs from both wind and conventional generation, and it 
demonstrates that transmission capacity should be shared between conventional and wind 
generation. On windy days the capacity of transmission corridor between area A and area B is 
primarily used to transport wind power, while on non-windy days, this capacity would be 
used to export energy from the conventional plant. 
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The statement above can be explained with the Figure 4.7, where the blue line represents the 
absolute values of initial flows during the year, while the red curve represents the wind 
shedding duration. For the case of transmission capacity 5249MW, we can see from the 
Figure 4.7 that wind generation have to be constrained off (115 hours) in exporting area and 
conventional generation have to be constrained on (1840 hours) in importing area.   
 
 
Figure 4.7 Absolute value of initial flow and wind shedding curve. 
 
Only in that case, the total operational costs are in balance with investment cost. The cost of 
the transmission line is £6000 = £30/MW/km/year × 200 km   while the total costs are equal 
to 1840 h × £1/MWh + 115 h × £30/MWh = £5290. 
 
From the calculations above it can be seen that £5290 is smaller than the cost that is required 
for building additional 1 MW transmission line. From this last result it is possible to state that 
the proposed methodology agrees with the optimal solution.  
 
Transmission capacity results are presented in Table 4.4 and Table 4.5 for different installed 
conventional generation output values and wind penetration levels in Scotland. From these 
tables is evident that constraint costs are smaller than transmission investment cost. The 
durations for wind shedding and constrained off conventional generation are also presented.  
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Table 4.4 Transmission capacity results; conventional generation 5 GW and different level of 
wind generation in Scotland. 
1cG  
(MW) 
1wG  
(MW) 
Transmission 
capacity 
(MW) 
windt  
(h) 
convwindt _  (h) 
Conv. gen + wind 
Constrained 
cost 
(£/MW) 
Transmission 
investment 
cost (£) 
5000 0 571 0 5568= 5568 + 0 5568 = 5568 × 1 6000 
5000 3000 295 8.5 5609 = (1595.5 
+4013.5) 
4013.5 = 8760 -
4746.5 
5864  
= 8.5 x 30 + 5609 × 1 
6000 
5000 4500 1038 82.5 3364.5 = (0 + 3364.5) 
3364.5 = 8760 – 
5395.5 
5839.5 
= 82.5 x 30+ 3364.5 × 1 
6000 
5000 6500 2549 127.5 1996.5 = (0+1996.5) 
1996.5 = 8760 – 
6763.5 
5821.5 
= 127.5 × 30 + 1996.5 × 1 
6000 
5000 9500 5249 115 1840 = (0+1840) 
1840 = 8760 – 6920 
5290 
=115 x 30 + 1840 × 1 
6000 
 
In similar way as it was shown in Table 4.4, the results can be explained for optimal 
transmission capacity with 10 GW of conventional generation and different levels of wind 
penetration in Scotland. These results are presented in Table 4.5. 
Table 4.5 Transmission capacity results; conventional generation 10 GW and different level of 
wind penetration in Scotland. 
1cG  
(MW) 
1wG  
(MW) 
Transmission 
capacity 
(MW) 
windt  
(h) 
convwindt _  (h) 
Conv. gen + wind 
Constrained 
cost 
(£/MW) 
Transmission 
investment 
cost (£) 
10000 0 1808 0 5568 = (0 + 5568) 
5568 = 8760 – 3192 
5568  
=5568 × 1 
6000 
10000 3000 2541 0 5981 = (0 + 5981) 
5981 = 8760 – 2779 
5981  
= 5981 × 1 
6000 
10000 4500 2794 0 5946 = (0 + 5946) 
5946 = 8760 – 2814 
5946  
= 5946 × 1 
6000 
10000 6500 3322 16.5 5417.5 =(0 + 5417.5) 
5417.5 = 8760 – 
3342.5 
5912.5 
=16.5 × 30 + 5417.5 × 1 
6000 
10000 9500 5521 79.5 5912.5 =16.5 X 30 + 
5417.5 x 1 
5724.5 
=79.5 × 30 + 3339.5 × 1 
6000 
CHAPTER 4: Transmission Capacity for Systems with Wind Generation 79
4.4.1 Drivers of capacity requirements for wind generation 
 
In order to characterise the impact of transmission capacity requirements the most important 
parameters are the two drives, namely operating and locational. In this subsection both will be 
described. However, only the characteristics which specifically influence transmission 
capacity for wind generation will be considered.   
 
Operating Characteristics 
 
Wind generation sources are intermittent. This implies that generated power is dependant on 
the factors that cause this intermittency, namely weather. For the purposes of transmission 
planning analysis the relationship between wind output and demand must be considered. The 
coincidence of new non-conventional generation output with system peaks will clearly affect 
transmission system capacity requirement. For many non-conventional technologies their 
pattern of output is not well correlated to demand, so many will not be generating at 
maximum output during times of system. Peak demand in the UK occurs in winter evenings, 
around 5.30pm. This is generally coincident with peak prices in the electricity wholesale 
market. Peak network flows usually coincide with peak demand, and peak wholesale prices, 
so conventional generation will try and maximise output during these high price/high demand 
periods. For new conventional generation entering this mix it is a reasonable assumption that 
it will also behave in this way, and that the network will require reinforcement to 
accommodate the new generator during peak demand. Therefore the additional capacity 
requirements imposed by an additional conventional generator on the system will be close to 
the maximum output of the generator. 
 
Locational Characteristic 
 
Electricity network users seek for optimal use of the transmission system therefore sharing is 
important concept to relate to the analysis of combined generation, specifically to locations. 
On the one hand, areas with wind generation alone have no possibilities of sharing 
transmission capacity; therefore as it was considered in the example of two bus system, 
required transmission capacity is driven by import or export (Case study 1 and Case study 2). 
On the other hand, in areas with combined generation (to be precise wind and conventional) 
optimal use of the network capacity occurs when transmission capacity is shared. In other 
words a percentage of transmission capacity needed originates from wind power and the rest 
from conventional power. 
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4.4.2 Remarks on the two bus system example 
 
When addressing transmission system reinforcement to accommodate new connections of 
wind generation, consideration of the cost-benefit implications related to these connections 
may justify the installation of additional network capacity to allow efficient utilisation of low 
marginal cost generators. Decisions taken to reinforce transmission can be justified if the 
savings in the marginal reduction in generation costs (marginal cost of constraints) are greater 
than the marginal transmission network investment cost.  
 
From the two bus system example we see that in areas dominated by wind power technology 
alone we have two possible drivers for transmission capacity. When amount of wind 
generation in the network is not enough to satisfy the demand and demand could not be shed 
the required transmission capacity does not depend on transmission investment cost and 
constraint cost (import flow determines transmission capacity), while in areas dominated by 
wind power that exceeds the demand, the optimal capacity of transmission is determined by 
export flow. 
 
In the case of combine generation, the analysis of two bus system yields that optimal use of 
transmission capacity occurs when there is share among wind and conventional generation. 
When wind power output is high, the conventional generation is constrained off or exported 
to another area.  
 
4.5 Transmission Capacity for a System with Wind 
Generation on a GB Simplified Transmission System 
 
As discussed previously, the congestion in the present GB network is caused mainly because 
of the locational imbalance between generation and demand. That has an influence 
specifically on transmission power flows which are predominately north-south. Analysing the 
current transmission network shows high congestion of the main lines going from Scotland to 
England.  
 
The inclusion of the 16GW of additional wind generation connections already planned in this 
network is already an issue, particularly as 11GW is in Scotland.  Offshore wind is also set to 
play a significant role in the UK power system with the installed capacity of wind power 944 
MW (NG, Offshore Development Information Statement) in September 2010. In total 
CHAPTER 4: Transmission Capacity for Systems with Wind Generation 81
licences for offshore wind generation development has been granted for 1.5 GW in round 19, 
20 GW in Round 2 and 30GW in round 3.  
 
One way to resolve this problem with congestion in real time operation is to constrain off 
generation in Scotland and include in the dispatch the higher cost generation located in 
England. Although the current constraint cost are within the accepted limits, with the 
increasing trend of wind penetration it can be expected that these costs will be much higher. 
As highlighted in the previous section, wind is a variable source with two main drivers 
influencing the required transmission capacity, namely operational and locational.  
 
4.5.1 Case studies on a GB Simplified Transmission System 
 
In this section case studies to investigate the impact of other factors that influence 
transmission capacity are performed. More precisely, the impact of Renewable Obligation 
Certificate (ROC), load factor of conventional generation, constraint cost and transmission 
investment cost on required transmission capacity will be revealed on a GB transmission 
system model based on 15 buses. Obviously this case is more intricate than the corresponding 
two bus simplified system presented in the beginning of this chapter. Furthermore, , evidence 
will be presented that will validate the proposed method developed on the two bus system in a 
more sophisticated manner using the more elaborate 15 bus network model.  
 
In order to proceed with this validation and to discuss the impact of wind power on the 
investment of transmission, several generation scenarios were explored using a simplified 15 
bus representation of the Great Britain (GB) transmission system. Figure 4.8 shows how the 
15 buses represent the transmission system. The main assumption is that GB is divided into a 
number of areas that are interconnected by the main interconnected transmission system. A 
transmission line connecting two buses represents a medium for power transfer between the 
two areas. Data for generation and demand for each bus (node) can be found in the Appendix 
B.  
 
                                                 
9 Eleven Round 1 sites are now complete and generating power with a total capacity of 962 MW online. Of the 
remaining sites, one is fully consented and awaiting construction whilst the remaining five sites have been 
withdrawn due to difficulties with consenting, resource and ground conditions respectively 
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Figure 4.8  Simplified Great Britain (GB) transmission system. On the left: the 
boundaries highlighted in red are located in Scotland; the pink boundary represents the Scotland 
- England interconnector and the blue boundaries are located in England. On the right: the 
corresponding bus diagram. 
 
4.5.2 Quantifying the impact of wind generation on transmission 
capacity  
 
The impact of network transmission capacity driven by wind generation will be assessed in 
relation to the system’s cost-effectiveness. The case studies are contained within two topics of 
investigation which will be described in detail: 
 
i.) Impact of Renewable Obligation certificate (ROC), load factor of conventional plant, 
constraint cost and transmission investment cost on transmission capacity 
requirements. 
 
ii.) Impact assessment analysis to determine drivers of capacity requirements for wind 
generation. 
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4.6.1.1     Impact of different factors on transmission capacity requirements (topic-i) 
 
The capacity of generation and the magnitude of the load used in the model are shown in 
Table 4.6. The corresponding values were obtained from the total generating capacity (wind 
capacity, conventional and nuclear generation) and the peak demand of the corresponding 
areas. Both, total capacity and demand are specified in the GB SYS for 2009/2010 scenario 
including the future development of wind generation. Data for offshore wind farms were 
obtained from The Crown Estate documents. 
 
Table 4.6 Generation capacity and peak demand forecast. 
Area Bus bar Peak 
Demand 
(MW) 
Wind capacity 
(MW) 
Conventional 
generation capacity 
(MW) 
Nuclear 
generation 
capacity 
(MW) 
SCOTLAND NW -SHETL 614 1667 971 0 
N -SHETL 586 860 1554 0 
S – SHETL 608 408 236 0 
N - SPTL 1239 24 2744 0 
S - SPTL 3318 1606 4062 2490 
Total Scotland 6472 4691 9823 2490 
ENGLAND 
 
UN-E&W 3561 0 4617 1207 
NW-E&W 8383 2215 10135 3412 
NE-E&W 6638 1740 13473 0 
N-E&W 0 0 0 0 
MW- E&W 8798 0 4235 0 
ME-E&W 820 0 6945 0 
M- E&W 0 0 0 0 
SW-E&W 13373 0 12922 1261 
SE-E&W 6639 1860 13757 2246 
S- E&W 11005 0 2061 0 
Total England 59217 5815 68145 8126 
Total  65689 10506 77968 10616 
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Description of case studies 
Four case studies were conducted on the simplified 15 bus model. The purpose of case studies 
were to investigate the sensitivity of ROC price, constraint cost, load factor of conventional 
plant and transmission investment cost on required transmission capacity. The case studies are 
described as follows: 
 
Case study 1 was performed with the following assumptions:  
 a uniform load factor of 50% for all conventional generators including nuclear generation 
 the ROC price is (£30/MWh). 
 
Case study 2 was performed with the following assumptions:   
 nuclear power plants are working at maximum output for 9 months, with 3 months during 
the summer when they undergo annual maintenance and therefore yield zero output, 
giving a load factor for nuclear power plants of 75%. Total conventional generation is 
calculated as demand minus total wind and nuclear generation. This total conventional 
generation is divided among the system units according to their installed capacity. 
 the load factor for conventional generators is 40% 
 the ROC price is 30 £/MWh, the same as in the first case study. 
 
Case studies 3 and Case studies 4 were the same as case studies 1 and 2 respectively, but 
with ROC prices that were set to zero.  
 
Results and remarks  
The cost benefit analysis examines the transmission boundary 1 (TB1) and Scottish Power - 
National Grid licensee (England Scotland inteconnector TB6). Note that results for all 
transmission boundaries were obtained and in the broad conclusion they were taken into 
consideration, but for the sake of simplicity, TB1 and TB6 will be analysed. This action does 
not influence the general conclusion of this investigation as both boundaries can be 
considered as representative and any other choice would have been equally valid. The results 
for optimal transmission capacity are shown in Figure 4.9 and Figure 4.10. The results for 
TB1 and TB6 indicate the following broad conclusions: 
 
 ROC (Renewable Obligation Certificate) price does not have a significant influence on 
required transmission capacity.  
 Impact of load factor of conventional plant is significant only on TB6 (Scotland- 
England interconnector)  
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 Impact of cost of transmission infrastructure and the cost of constraint10. The results 
show that transmission investment cost and re-dispatch cost has an influence on the 
required transmission capacity. Higher constraints costs drive greater transmission 
capacity and increased transmission investment costs mean less transmission will be built 
in the network. Under this methodology, the cost of transmission infrastructure and the 
cost of constraints were the key drivers for decisions associated with network 
reinforcement. This effect is clear on reinforcement of both the TB1 and TB6 boundaries. 
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Figure 4.9 Transmission capacity of boundary 1 (TB1). 
                                                 
10 The cost of constraints is in essence the cost associated with dispatching more expensive generation instead 
cheaper generation due to network capacity constraints. This cost is also known as out of merit order generation 
cost. 
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Figure 4.10 Transmission capacity of boundary 6, TB6 (Scotland – England Interconnector). 
 
4.6.1.2    Impact assessment analysis to determine drivers of capacity requirements 
for wind generation (topic ii) 
 
As highlighted and explained in the context of the simplified two bus system, the two drivers 
influence the required transmission capacity (operational and locational). The same 
conclusions are drawn from the case studies on the 15 bus system. For the purpose of these 
studies only conventional and wind generation are considered (nuclear generation is 
considered here as part of conventional power). Data for generation and demand for each bus 
(node) can be found in appendix B.  
 
The economic efficiency methodology (which was outlined in chapter 3) proposed the 
transmission capacity for each of the 14 transmission boundaries in the model when 10GW of 
wind generation is added in Scotland and 3GW in England. The obtained transmission 
capacity will be compared with current NETS SQSS11 standards. The non-diversified wind 
profile was used and it was assumed that no conventional plant is retired representing a worst 
                                                 
11 The current network planning standards NETS SQSS that guide network reinforcement requirements were 
developed on the basis that generation technology would be operating at maximum output during times of peak 
system operation.  
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case scenario. The marginal cost of generation in Scotland is lower than those in England 
(which will tends to drive more transmission capacity). The total installed capacity of 
conventional generation plus wind generation in Scotland is 19.5GW, while the load in 
Scotland is 6.5GW. “Green field” planning transmission problem is also assumed.  
 
Optimal transmission capacity will allow customers to access the low marginal cost 
generators, such as wind generation. As before, it was found that by conducting a cost-benefit 
analysis, decisions taken to reinforce transmission can be justified if the savings in the 
marginal reduction in generation costs are greater than the marginal transmission network 
investment cost. The cost of transmission infrastructure and the cost of constraints are the key 
drivers for decisions associated with network reinforcement. 
 
It must be mentioned that the cost benefit analysis relies on a range of assumptions that could 
be debatable. This includes future network generation allocation, fuel cost, variations in future 
constraint costs and network reinforcement cost that could be subject to changes in the future. 
Therefore, the accuracy of the results depends on how precise the modelling process is 
achieved.  
4.5.3 Transmission capacity requirements  
 
The results for cost-effective optimal transmission capacity at each of the 14 boundaries are 
presented in Table 4.7. The results for a current NETS SQSS approach that treats wind 
generation as though it had the similar characteristics as conventional generation, and applies 
a scaling factor to wind equivalent to a capacity credit of around 60% are also presented. As 
we see very explicitly from the two bus system covered in a previous section, it is no longer 
optimal to build a network to support simultaneous output from conventional and wind 
generation, but to share the transmission capacity between them. In the elaborated 15 bus 
system this phenomena can be illustrated on the Scotland – England interconnector.  
 
To accommodate peak output, the transmission capacity of more than 10GW needs to 
provided equating to the total generation capacity minus demand in Scotland. A result from 
Table 4.7 indicates that by economic optimal transmission capacity obtained on the Scotland 
– England interconnector (highlighted in bold) is 5.4GW. It is obvious that it is not cost 
effective to invest in transmission capacity which will allow transporting energy from 
generations at their peak outputs, therefore transmission capacity should be shared between 
wind and conventional generation. In practice, this operation means that on windy days the 
transmission line will be used for exporting power produced by wind generation. On the 
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contrary, on non-windy days the transmission capacity will be used for conventional 
generation.  
 
Table 4.7  Comparison of transmission capacities associated with key system boundaries derived 
using the approaches for economic efficiency and the current NETS SQSS. 
Boundary From To Transmission Boundary Capacity (MW) 
Economics NETS SQSS 
1 NW-SHETL N-SHETL 2437 2561 
2 N-SHETL S-SHETL 3571 4439 
3 S-SHETL N-SPTL 4110 4904 
4 N-SPTL S-SPTL 3564 5438 
5 S-SPTL UN-E&W 5357 7667 
6 UN-E&W N-E&W 4935 7514 
7 NW-E&W N-E&W 1942 2424 
8 NE-E&W N-E&W 2218 4895 
9 N-E&W M-E&W 7870 10674 
10 MW-E&W M-E&W 4798 6848 
11 ME-E&W M-E&W 4459 4869 
12 M-E&W S-E&W 8434 9206 
13 SW-E&W S-E&W 2781 4360 
14 SE-E&W S-E&W 1438 4766 
 
Also generalizing from the simplified two bus system example, with the cost benefit analysis 
on 15 bus simplified GB transmission system, it was demonstrated that cost-effective 
investment is made only when the opportunities for sharing of transmission capacity between 
wind and conventional generation are accepted.  
 
It is important to emphasize that the optimal transmission network capacity was sufficient to 
absorb all wind generation output. Given zero marginal cost of wind and the relatively short 
transmission distances involved, it was economic to invest in transmission rather than 
constraining wind. However, conventional generation plants in Scotland are constrained off 
on windy days, while conventional plants in England are constrained on. This is due to the 
fact that the costs of constraints are relatively small when compared with transmission costs. 
In other words, the costs of constraining off, say, one coal plant in Scotland and constraining 
on one coal plant in England, are relatively small.  
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4.6 Remarks on transmission capacity for systems with 
wind generation on simplified GB transmission 
system 
 
Wind is a power source with zero marginal cost, therefore it is not cost-effective to constrain 
off. In other words, if there are windy conditions it is a throw away to not use the output. The 
existing transmission network needs to have enough transmission capacity to allow wind 
generation not to be unnecessarily constricted. Trivially interpreted, in windy conditions the 
systems should have enough connections to let the corresponding output flow smoothly.      
 
In order to determine the required transmission capacity an assessment was made based on the 
developed optimisation transmission planning methodology which is the backbone of this 
thesis. The main result is that optimal network transmission capacity occurs when 
conventional and wind generation is sharing individual transmission capacity. The main 
advantage is that on days when there is a lot of wind, conventional generation can be 
constrained off and the power from zero cost marginal generation (wind power) can be 
transported.  
 
In the case of simplified two bus system the analysed examples show that when we have areas 
in which we have only wind generation technology alone, transmission capacity is determined 
by export or import flow. In the case when the considered area has combined wind and 
conventional generation, the relevance of sharing of transmission capacity has been 
demonstrated.  
 
Following this analysis, the 15 bus simplified system was used to perform case studies to 
investigate the impact of ROC price, load factor of conventional generation, constrained cost 
and transmission investment cost on transmission capacity. Analysis on the 15 bus system 
strongly complements the case for the relevance of sharing transmission capacity. This has 
been illustrated on the Scotland-England interconnector.  
 
Although reliability is still a driver, optimal networks built for wind generation are likely to 
be constructed with economic efficiency as a dominant factor imposing network investment 
decisions. 
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CHAPTER 5 
Transmission Capacity for 
Generation Reserve 
To achieve a significant reduction in CO2 emissions, renewable and other low carbon energy 
sources must become major contributors to electricity generation in the UK. However, 
although such a growth is expected through to 2020 and beyond, there are many concerns 
about their flexibility, intermittency and controllability leading to questions on their ability to 
maintain the balance between supply and demand. The location of these new sources, usually 
distant from the centres of demand, predominantly in the north of the UK (Scotland) in the 
short term and off-shore in the North Sea in the long term, will be of considerable importance 
in accessing the impacts on the transmission network. In order to manage the balance between 
demand and supply under increased uncertainty due to penetration of wind generation, the 
system will need to hold increased amounts of reserve. This reserve will be generally supplied 
by a combination of synchronised reserve, provided by part-loaded generating plant and 
standing reserve, in the form of storage and/or flexible generation, such as Open Cycle Gas 
Turbines (OCGTs). 
 
The system operator needs to match generation to forecasted demand levels throughout the 
operational timescales, both from a security and an economic point of view. A portion of the 
available plant margin is selected to serve as system reserve on grounds of technical and 
economic suitability. According to British Electricity International, 1991, reserve is required 
to provide cover for the uncertainties and contingencies within the relatively short time scales 
used in energy balancing processes from some 24 hours before the event down to actual 
minute by minute operation. To determine how much reserve needs to be dispatched for each 
half hour of the following day, risks with respect to uncertainty in prediction need to be 
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considered. Uncertainties considered for reserve include demand uncertainties, generation 
uncertainties and network contingencies. The demand uncertainties come predominately from 
unexpected changes in weather, but can include temporary large scale distortion of domestic 
electricity consumption patterns by television shows, among others. The generation 
uncertainties are usually shortfalls in predicted generation plant output due to sudden partial 
or total loss of a large generator or late synchronising of units connecting to the system. 
Network contingencies include the loss of transmission circuits and loss of interconnections 
through fault outages or unplanned over-runs in maintenance.  
 
In this chapter the requirement for transmission capacity to allow economic scheduling of 
reserve in system with wind generation is assessed. The available generation reserve is 
optimally allocated and effects on total system operating costs is analysed. The methodology 
was initially tested on a two-bus system and conclusions were derived. The primary aim was 
to evaluate the influence (impact) of optimal allocation generation reserve on transmission 
capacity while balancing operating, reserve and investment cost. In order to achieve this aim 
it was necessary to determine: 
 
 the parameters that influence the optimal allocation of generation reserve; 
 the optimal allocation between spinning and standing reserve in transmission system; and, 
 how optimal allocation of spinning and standing reserve influences the required 
transmission capacity. 
 
5.1 Wind Additional Balancing Requirements 
 
The introduction of wind generation capacity in the UK system in the quantities necessary to 
meet the CO2 targets introduces an additional uncertainty due to wind forecast error that must 
be considered. The reserve level on the system will therefore have to cater for unexpected 
decreases in wind power as well as the generation deficits and increases in load already 
discussed.  
 
If the fluctuations of wind were perfectly predictable, the additional cost of operation of the 
system with a large penetration of wind power would be relatively small, provided that there 
is sufficient flexibility in conventional plant to manage the changes. But wind energy 
generation forecasting is dependent on forecasting the variation of specific atmospheric 
variables (i.e. wind speed and direction) and the wide variety of spatial and temporal scales of 
atmospheric motion makes it difficult to obtain a reliable forecast. Wind forecast time scales 
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are important for determining reserve requirements. For time scales from several seconds to a 
few minutes, the fluctuation of the overall output of wind generation will be small given that 
there is considerable diversity in outputs of individual wind farms. In these very short 
response time scales, the dominant variability factor is the potential loss of conventional 
plant, not fluctuations in wind power and is controlled by frequency response from 
synchronised generation. Reserve requirements are concerned with the uncertainty in wind 
forecasting over longer time scales measured in hours.  
 
Wind forecast techniques vary for different time scales. For longer horizons beyond several 
hours, forecasts based on meteorological information are preferred. For short-term forecasts, 
up to several hours ahead, such methods are out-performed by persistence-based techniques. 
Typically it may take 4 hours to start conventional thermal generating plant, therefore when 
measuring wind forecast error uncertainty it is reasonable to look at the output changes in 
wind power over a 4 hour period. Uncertainty in wind forecast can be found statistically by 
calculating the standard deviation of the wind output changes. Thus the fluctuations of wind 
power output are described in terms of standard deviation of changes of wind output over 
various time horizons. Fluctuations in wind power output broadly follow a normal type 
distribution but with longer tales, indicating that more reserve will be needed to capture most 
of the imbalances, than the 3 standard deviations suggested by a normal distribution, so 3.5 
standard deviations are usually used. 
For examining extreme variations in wind generation outputs the largest changes in wind 
output are analysed. For 26 GW installed capacity of wind, the single most extreme changes 
observed in the model data are given in Table 5.1 and as expected, these variations in wind 
output will increase with the time horizon considered. It is expected that it would not be 
appropriate to carry out reserve to cover for very infrequent events and that some other 
measures (such as load shedding) would be used to deal with these extremes. 
 
Table 5.1: Characterising fluctuation of wind output for 26G W of installed capacity of wind 
generation. 
 
Lead hours (h) Standard deviation (MW) 
Likely 
maximum 
change (MW) 
Extreme change 
(MW) 
0.5 360 1090-1450 2600 
1 700 2100-2800 3950 
2 1350 4050-5400 6550 
4 2400 7200-9650 13550 
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In addition to spinning reserve, which is provided by part loaded synchronised plant, the 
balancing task can be supported by so called standing reserve, which is supplied by higher 
fuel cost plant which can be started in the required timescale, currently including OCGTs, 
pumped storage and DSM. Spinning reserve will be used to accommodate relatively frequent 
but comparatively small imbalances between generation and demand while standing reserve 
will be used for absorbing less frequent but relatively large imbalances. When reserve is 
provided by synchronised generation energy delivery accompanies provision of reserve. The 
efficiency of the generators that provide spinning reserve may be less than it would be if they 
were running at full load. These generators need to be paid more for the energy they provide. 
Optimal mix between spinning and standing reserve is obtained by balancing cost of holding 
spinning reserve and cost of exercising standing reserve.  Reserve services are used to provide 
corrective actions. Obtaining reserve services, however, can be considered as a form of 
preventive action.  
5.1.1 Composition of System Reserve 
 
Reducing the spinning reserve portion of the required system reserve and correspondingly 
increasing the standing reserve portion can be beneficial in terms of reducing fuel costs and 
CO2 emissions. This is due to both the increase in the amount of wind power that can be 
absorbed, and the reduction of efficiency losses incurred from part loaded plant providing 
spinning reserve. 
 
The adopted planning horizon for committing operational reserve is 4 hours given the 
assumption that this is the time it takes to start up a large conventional plant. The system is 
assumed to use spinning reserves to cover possible fluctuations within this period. To explain 
the concept of using a spinning and standing reserve two main cases are considered. A base 
case in which entire reserve is provided by synchronised plant only, and a comparison case 
where part of the reserve is provided by synchronised plant while the rest is supported by 
standing reserve. The amount of reserve for the base case is set at 3.5 times the standard 
deviation of the wind output forecast error. As spinning reserve is reduced, the amount of 
standing reserve used for balancing is increased. 
 
5.1.2 Contribution from Spinning and Standing reserve 
 
Standing reserve’s value changes with different spinning reserve allocations and with its 
contribution to total system operating costs. The example (the “snap shot “of the system 
operation, presented in Table 5.2) that will be analysed has an installed wind capacity of 26 
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000 MW. Expected wind output is 12 000 MW and we suppose that reserve required for that 
amount of wind generation is 6 500 MW. The demand level in the system is 25 000 MW. 
Within the generation portfolio there is 8 400 MW of nuclear power plants which “must run”. 
The rest of generation is assumed to be Combined Cycle Gas Turbine (CCGT) units with 
capacity of 550 MW and minimum stable generation of 300 MW.  Each generator provides 
250 MW of reserve while generating 300 MW. Additional OCGT units in the system provide 
a standing reserve capacity of 2000 MW. In base case the entire reserve will be provided by 
spinning reserve only. To obtain 6 500 MW of spinning reserve 26 CCGT units need to 
operate at their minimum stable generation i.e. 26 x 250 = 6500 MW. As mentioned above, 
the reserve provision is accompanied with energy delivery which is equal to 26 x 300 = 7 800 
MW. The result of total power output is presented in Figure 5.1. As can be seen in the first 
case the total surplus of power is 3200 MW, and as results of that wind generation need to be 
curtailed. Second reserve option is provided by conventional synchronised plant while the rest 
is supported by standing reserve. The surplus of wind is only 800 MW. With reducing amount 
of spinning reserve in the system amount of wind curtailment is smaller.  
 
Table 5.2 : Half hourly system operation snap shot. 
 
System: 
Demand: 25000 MW, Reserve required: 6500 MW 
Wind installed: 26000 MW, Expected wind output: 12000 MW 
 Inflexible (nuclear plant): 8400 MW 
CCGT units: Rated output:550 MW, Minimum stable generation:300 MW 
OCGT capacity: 2000 MW 
Spinning Reserve Only Solution: 
 
CCGT 26 x 250 = 6 500 MW spinning reserve 
Energy from CCGT: 26 x 300 = 7800 MW 
Total power: 28200 MW 
Surplus: 3200 MW 
Spinning and Standing Reserve Solution: 
OCGT  = 2 000 MW standing reserve 
CCGT 18 x 250 = 4500MW spinning reserve 
Energy from CCGT: 18 x 300 = 5400MW 
Total power: 25800 MW 
Surplus: 800 MW 
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Figure 5.1: Reserve options and wind absorption. 
a) spinning reserve only b) spinning and standing reserve 
 
These benefits come from reducing spinning reserve and replacing it with standing reserve, 
which simultaneously increases the amount of wind power that can be absorbed, and moves 
closer towards the optimal allocation between spinning and standing reserve with regards to a 
trade off between part load efficiency losses of spinning reserve and higher fuel costs of 
standing reserve. At very high wind levels the number of occasions of high wind and low 
demand which may give rise to surplus wind increase in number. A generating system with a 
high percentage of “must run generation” is particularly vulnerable to these surpluses. 
 
This example has shown that if part of the reserve can be provided by standing reserve rather 
than spinning reserve then less generating units need to be part loaded, increasing system 
efficiency and reducing wind curtailment.  It therefore follows that the allocation of spinning 
and standing reserve will affect the need for transmission capacity. The following section of 
this chapter examines the interaction of providing increasing levels of generation reserve with 
transmission system capacity. 
 
Figure 5.2 shows capacity granted for Round 3 offshore wind farm developments in UK. It 
can be seen that the majority of installed offshore wind generation amounting to some 11 GW 
will be located around the southern part of the UK. The total reserve will be covered by 
spinning and standing reserve.  
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Figure 5.2: GB regions – round 3 offshore wind farms 
 
It is expected that the operational reserve energy to be deployed first will be spinning reserve 
which has low utilisation cost, allowing it to cover more frequent and smaller imbalances. 
Standing reserve, however, has a lower holding cost and higher utilisation cost.  Thus it is 
likely to be deployed for less frequent but larger imbalances that will occur in periods with 
big variations in wind output.  
 
The optimal allocation of combination of spinning and standing reserve is the one that 
minimises the expected cost of reserve. This cost of reserve is represented as a function of the 
holding spinning and exercise costs of standing reserve. The minimum value of this function 
corresponds to the optimal reserve allocation and represents the trade-off between part-load 
efficiency losses of synchronised plant and the cost of running standing plant with relatively 
high marginal cost. This shows that assuming that wind uncertainty is normal may increase 
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the amount of spinning reserve allocated. The implications of this depend on the cost of 
spinning reserve. If spinning reserve is cheap when compared to standing reserve, allocating 
excess of spinning reserve will not have significant impact on system costs.  
 
The location of generating plant within the transmission system may affect the ability to 
provide reserve. “Remote” standing generation plant may be connected to the main part of the 
system through a section of the transmission network with limited capacity. If the power 
transfer across that part of the network was already approaching the network capacity, then 
the generating plant would unable to be utilised. Therefore it would not be a suitable standing 
reserve to provide reserve services due to these transmission constraints. Hence transmission 
constraints could prevent the optimal scheduling and utilisation of reserve increasing 
operating costs. 
 
National Grid identifies a number of boundaries where capacity is limited on the UK 
transmission system, most notably the boundary marked by the interconnection between 
England and Scotland. 
 
In order to provide the increased amounts of reserve required in a system with large wind 
generation capacity, it is likely that some reserve will be located in Scotland. In particular 
there is some 740MW pump storage power plant already in existence in the North of Scotland 
with a further 1200MW proposed (www.scottish-southern.co.uk). In order to utilise this plant 
as standing reserve against falling output from southern offshore wind farms (shown on Figure 
5.2), the System Operator will need to have sufficient transmission capacity to transfer the 
power to the South of England.  
 
5.2 Methodology to Quantify Optimal Transmission 
Capacity for Generation Reserve  
 
 
Reserve Requirements 
As mentioned above there are technical and economic considerations in selecting reserve 
options for an organized system reserve. Spinning reserve is considered to be synchronised 
generation running part-loaded and in the current market is assumed to be CCGT and coal 
fired plant. Spinning reserve holding-costs include fixed start-up/no-load fuel losses when 
utilization costs are generally the same as system marginal costs. Standing reserve is 
considered to be de-synchronized generating plant that can start and generate useful levels of 
power within the required time scale. In the UK system Open Cycle Gas Turbines (OCGT) 
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and pumped storage plant are capable of starting and providing power in 5 minutes while de-
synchronised gas turbines within CCGT modules and de-synchronised coal and oil fired plant 
operating under warming contracts can start and provide useful power within 4 hours of 
instruction. Holding-costs for open cycle gas turbines that provide standing reserve are 
negligible but utilization costs are 2 to 3 times higher than the cost of marginal plant in the 
UK system. 
 
 
Allocation between spinning and standing reserve  
Reserve is allocated to meet imbalances between predicted and actual demand. Spinning 
reserve accommodates relatively frequent, but comparatively small imbalances between 
generation and demand. Standing reserve absorbs less frequent, but relatively large 
imbalances. Determining the optimal split between spinning and standing reserve allocation 
would achieve the lowest operational costs. Operational costs involve a trade off between the 
more expensive energy from standing reserve when called to run against the increased 
running costs through reduced efficiency of part loading synchronised plant for spinning 
reserve. Furthermore, reserve allocation affects the system’s ability to absorb wind 
generation. A high spinning reserve allocation requires running a large number of part-loaded 
generators, therefore, energy delivery is accompanied by reserve provisions. This “must-run” 
reserve generation leaves less room for wind generation. Standing reserve’s value changes 
with different spinning reserve allocations and with its contribution to total system operating 
cost.  
 
Cost of reserve 
Appropriate reserve-cost function line equations are derived by comparing system operating 
costs for a generation system with no reserve needs to those in a system with reserve needs. 
We use these functions to find the costs for each random imbalance.  Table 5.3 shows typical 
operating costs for CCGT plat at full load and minimum stable generation as well as the 
operating cost of open cycle gas turbines which we will use in an example to explore optimal 
reserve allocation.  
 
Table 5.3: Reserve cost parameters. 
 
 Parameter  Symbol Fuel cost (£/MWh)  
GB2  CCGT at full load fc  35  
GB2  CCGT at MSG pc  42  
GA2  OCGT 0c  80  
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When demand and generation output prediction is perfect (zero imbalance), reserve costs are 
the efficiency losses from operating CCGT plant at Minimum Stable Generation (MSG) to  
hold the spinning reserve, which in this example is £7/MWh (£42/MWh-£35/MWh). When 
generation/demand imbalance is equal to allocated spinning reserve (λσ), there are no reserve 
costs because the CCGT plant is operating at full load and has no efficiency losses. For 
imbalance greater than (λσ), the OCGT plant (standing reserve) is called to run at a cost of 
£80/MWh. In a system with no needed reserve, a CCGT plant would still be needed to meet 
extra load in this case at £35/MWh. Therefore, the reserve cost for imbalances greater than 
(λσ) is the difference between the two systems and is £45/MWh (£80/MWh -£35/MWh). 
 
Figure 5.3 gives an example of the reserve cost function where 500 MW of spinning reserve 
is held. For the spinning reserve between 0 and λ, the line represent the spinning reserve cost, 
standing reserve cost are represented for the values of imbalances bigger than 500 MW.  For 
spinning reserve < 0, the line represents the cost of holding spinning reserve. 
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Figure 5.3: Reserve cost function. 
 
 
Optimal allocation of spinning and standing reserve 
The optimal allocation between spinning and standing reserve is the point where cost of 
holding reserve on CCGT equals the cost of exercising reserve from OCGT. 
Spinning cost 
Standing cost 
Cost of holding reserve 
67 500 
45 000 
22 500 
3500 
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The following formula gives the probability12 corresponding to the optimal allocation where 
the holding reserve cost on CCGT equals the exercising reserve cost on OCGT 
 
)2/()( 00 fpf cccccCDF      (5-1) 
 
Using the formula with the example costs in Table 5.3 gives the following cumulative density 
function (CDF): 
 
%)86(86.0)708042/()3580()2/()( 00  fpf cccccCDF
                
(5-2) 
 
The practical interpretation of the optimal allocation is that 86% of all generation-demand 
prediction errors are covered by “Spinning Reserve” with only 14% requiring “standing 
reserve” to be started and run. 
 
Allocated total reserve is a number (λ) of standard deviations (σ) and corresponds to the 
uncertainty for the net demand and wind-forecast error. For system with wind generation 3.5 
standard deviations is more appropriate than the three standard deviations assumed for 
systems with conventional thermal power stations. Total reserve required for an example 
system with 30GW of wind is 7200MW (www.nationalgrid.com). Given that this total reserve 
equates to 3.5σ (Black, 2007) then one standard deviation (σ) is 2060MW.  
 
From statistical theory, on a normal distribution, 1.1 standard deviation has 86 % probabilities 
to left as illustrated in Figure 5.4 below.  
-4 -3 -2 -1 0 1 2 3 4
Standard Deviations
Generation/Demand Prediction Error
(Normal Distribution)
Standing Reserve
14% probability
Spinning 
Reserve
86% 
probability
 
Figure 5.4: Allocation of spinning and standing reserve. 
                                                 
12 CDF probability represents a number of standard deviations in a normal distribution from the mean imbalance of 
zero. 
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The corresponding optimal allocation between spinning and standing reserve is shown on 
Table 5.4. 
 
Table 5.4: Optimal reserve allocation for example system. 
Total Reserve (3.5 σ) Spinning Reserve 
(1.1 σ) 
Standing Reserve  
7200 MW  2260 MW  4940 MW 
 
Required Transmission capacity for standing reserve 
As was explained in section 5.1.2 optimising the allocation between spinning and standing 
reserve improves overall system operation efficiency, but increasing the system’s ability to 
absorb wind generation is a more significant contribution to the value of standing reserve.  
 
The following section explores the optimisation of transmission capacity to maximise the use 
of standing reserve and thereby to improve not only the system operation efficiency but also 
maximise the ability of the power system to absorb wind generation output. A simple two bus 
system is represented below in Figure 5.5.  
 
 
Figure 5.5: Two bus power system. 
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The example system has been developed to show the optimal allocation of standing and 
spinning reserve in a system with wind generation. The system shown consists of two areas, 
“Area A” (representing Scotland) and “Area B” (representing England) with a single 
transmission circuit representing the interconnecting transmission network. There are in total 
140 conventional thermal generators in the system, each with a capability of 500MW. 
Generators 1 to 30 are located in Area A while the rest of generators (from 31 to 140) are 
located in Area B. Generators GA1 and GB2 can operate as part-loaded plant and have 
minimum stable generation of 300MW. Generator GA2 (in Area A) has a minimum stable 
generation of 0MW and can be used as standing reserve. The number of conventional thermal 
generating units at each bus is shown along with the overall capacity and running cost. The 
wind generation is located in Area B with a capacity of 30GW. 
 
Case studies explore the increase of transmission capacity between the two areas from 2GW 
to 7GW and the impact that this has on total system operating cost, cost of reserve and 
reduction in wind curtailment. Forecast wind output in the system is varied from 30GW to 
10GW in line with the typical 35% load factor.  
 
The reserve is dispatched to meet demand when forecasted wind generation is unavailable. As 
discussed earlier the generation/demand imbalance for which reserve is carried should be 3.5σ 
and in a system with 30GW of wind, the reserve should be approximately 7GW. To model the 
generation/demand imbalance through un-forecast wind unavailability three contingency 
generation losses of 2, 4, and 6GW (1σ, 2σ and 3σ) with time durations corresponding to the 
probabilities given by standard deviation curve were included for all loading conditions. 
Given very small probability and therefore duration of a loss between 6-7GW (3-3.5σ) 
occurring this contingency was not included in the model however sufficient reserve was 
included to cover this contingency. Table 5.6 illustrates the contingency generation losses 
overlaid on the distribution curve indicating probabilities. 
 104
 
-8000 -6000 -4000 -2000 0 2000 4000 6000 8000
Generation demand imbalance (MW)
Generation/Demand Contingency Model shown over
Normal Distribution
3.5 σ
7000MW 
 
Figure 5.6: Modelling of unforecast wind loss. 
 
As discussed above the system with 30GW of wind requires 7000MW of reserve which has to 
be covered by spinning and standing reserve. Spinning reserve is provided by generators 
located in Area B and standing reserve by generators located in Area A. Determining the 
optimal allocation split between spinning and standing reserve would achieve the lowest fuel 
costs. Fuel costs involve a trade off between infrequent use of the more expensive standing 
reserve plant and continually incurring part-loaded spinning reserve plant’s running cost. 
Standing reserve’s value changes with different spinning reserve allocations and with its 
contribution to total system cost.  
 
The aim of this example system was to evaluate the influence (impact) of the exercise of 
generation reserve on transmission capacity considering optimal allocation of spinning and 
standing reserve and the system’s ability to absorb wind generation. As discussed earlier, the 
additional wind absorption capability given to the system significantly increases the value of 
standing reserve.  
5.2.1 Optimal transmission capacity for utilisation of standing 
reserve 
 
To more conclusively test the concepts introduced above, a simulation model was developed 
to determine the importance of transmission capacity in order to exercise (utilise) remote 
standing reserve in balancing a system with considerable intermittent wind generation. This, 
more complex simulation was designed to explore the theory in the context of the future UK 
electricity system.   
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The model examines the benefits of increasing transmission capacity in order to utilise remote 
standing reserve for balancing demand - supply in a system with high wind penetration by 
quantifying total operating reserve cost and amount of wind curtailment. The principle 
simulation model components were a formulation which is explained in details in Chapter 3 
(Cost Benefit Analysis for Transmission Investment Optimisation)  
 
General Approach  
The inputs to simulations investigate the key drivers behind increasing transmission capacity 
to access standing generation reserves. Increased standing reserve utilisation will provide 
benefits in reduction in reserve cost and total operating cost and to increase the level of wind 
utilisation. 
 
The chosen demand profile consisted of three demand levels against which 11 scenarios of 
wind output (from 10 to 30 GW) were tested (in total 33 periods). The input parameters and 
the ranges of values used in the case studies are listed in Table 5.5.  
 
Table 5.5:  Simulation case study parameters. 
Input parameter Study values 
Wind output (11 levels) 30, 28, 26, 24, 22, 20, 18, 16, 14, 12, 10GW 
GA1 generation cost £20/MWh 
GB2 generation cost  £ 35/MWh 
GA2 generation cost £ 80/MWh 
Wind load factor  35% 
Demand  levels (3) 50, 35, 25GW 
 
 
The duration of the 11 wind output level are derived to provide 35 % wind load factor and are 
presented in Figure 5.7. 
 106
10000
12000
14000
16000
18000
20000
22000
24000
26000
28000
30000
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
W
in
d 
ou
tp
ut
 (M
W
)
Duration (hours)
 
Figure 5.7: Wind output durations. 
 
The simulation model assesses annual fuel costs for conventional generation and wind 
generation within the power system with spinning and standing reserve. The model dispatches 
appropriate generation to supply demand. Wind generation, conventional generation, spinning 
and standing reserve parameters are input into the simulation. A cost-benefit analysis 
allocates needed power output among dispatched generators, wind generators, spinning and 
standing reserve, to minimize total operating costs yet observe power system constraints. 
Dispatched generation’s spinning reserve and standing reserve handle imbalances between 
generation and demand. Cost of reserve, total operating costs and wind curtailment are the 
output from the simulation.  
 
Figure 5.10 below presents as an example the solution for period 14 when the demand level is 
35GW and forecast wind output is 26GW. As the wind output is less than demand, generator 
GA1 from Area A is used to supply a demand as it is cheaper than generator GB2 and 
therefore restricts the standing reserve that can be held in Area A to 1600MW due to the 
transmission line capacity. The total reserve that must be held is 7000MW so generator GB2 
must hold 5400MW of spinning reserve. To do so, generator GB2, with a minimum 
generation of 300MW must be running at 8600MW. In turn this means that the maximum 
output from the cheaper generator GA1 is limited to 400MW so generation and demand are in 
balance.  
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GA1 = 400 MW Standing reserve = 1600 MW
GB2= 8600 MW
Spinning reserve = 5400 MW
D1= 35000 MW
AREA A
AREA  B
GB1 = 26000 MW
GA2 = 0 MW 
 
Figure 5.8: Example of solution for period 14 and demand level 35 GW. 
5.2.2 Simulation results  
 
The simulations were run and the optimal allocations of spinning and standing reserve for 
transmission capacity between 2000MW and 7000MW in all 33 periods were calculated. The 
following three tables present the optimal allocation of spinning and standing reserve for the 
three demand scenarios. The columns show the variation in optimal reserve allocation as 
transmission capacity is increased while the rows show variation as available wind output 
reduces. For clarity only changes in allocation from the preceding row are shown. 
 
For 50GW demand as shown in Table 5.6  below, increasing transmission capacity allows 
utilisation of increasing amount of standing reserve reducing overall costs. 
 
Table 5.6:  Optimal allocation of spinning and standing reserve for 50 GW demand. 
Per. 
Wind 
output  
(GW) 
Transmission capacity (GW) 
2  3  4  5  6  7  
  
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
1 30 7 0 6 1 5 2 4 3 3 4 2 5 
... ... “ “ “ “ “ “ “ “ “ “ “ “ 
11 10 “ “ “ “ “ “ “ “ “ “ “ “ 
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The results for 35GW demand are shown in Table 5.7 below. The same pattern of increased 
utilisation of standing reserve with transmission capacity is observed. However, due to the 
lower demand the in merit generator GA1 in area A is not required when wind output is high. 
As wind output falls the in merit generator GA1 is used to supply demand occupying 
transmission capacity restricting the utilisation of standing reserve and as a consequence 
requiring increased level of spinning reserve to be held in Area B. In addition when 
transmission capacity is 3000MW or less the restriction on standing reserve that can be 
utilised gives high spinning reserve holding requirements that in turn cause some wind output 
to be curtailed. This curtailment is set out in Table 5.8.  
 
Table 5.7:  Optimal allocation of spinning and standing reserve, 35GW demand. 
Per. 
Avail. 
wind 
output  
(GW) 
Transmission capacity (GW) 
2  3  4  5  6  7  
  
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
12 30 5 2 4 3 3 4 2.8 4.2 2 5 2 5 
13 28 “ “ 4.4 2.6 4 3 3.6 3.4 3 4 “ “ 
14 26 5.4 1.6 5.2 1.8 5 2 4 3 “ “ “ “ 
15 24 6.2 0.8 6 1 “ “ “ “ “ “ “ “ 
16 22 7 0 “ “ “ “ “ “ “ “ “ “ 
... ... “ “ “ “ “ “ “ “ “ “ “ “ 
22 10 “ “ “ “ “ “ “ “ “ “ “ “ 
 
Table 5.8:  Wind curtailment 35GW demand. 
Period 
Avail. wind output  
(GW) 
Transmission capacity (GW 
2  3  
  Curtailed output (GW) Curtailed output (GW) 
12 30 2.5 1.3 
13 28 0.5  
 
 
For 25GW demand as shown in Table 5.9 below, the same pattern of increased utilisation of 
standing reserve with transmission capacity is observed along with the same effect of 
transmission capacity being utilised by the in merit generator GA1 from period 27 onwards. 
Similarly, the very low demand means that for periods 23-29 when the available wind output 
is greater than 18GW it is necessary to restrict the wind output (wind shedding) irrespective 
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of transmission capacity and generator GA1 does not run at all. This curtailment is set out in 
Table 5.10. 
 
Table 5.9:  Optimal allocation of spinning and standing reserve for 25GW demand. 
Per. 
Avail. 
wind 
output  
(GW) 
Transmission capacity (GW) 
2  3  4  5  6  7  
  
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
Spin 
(GW) 
Stand 
(GW) 
23 30 5 2 4 3 3 4 2 5 2 5 2 5 
... ... “ “ “ “ “ “ “ “ “ “ “ “ 
27 22 “ “ “ “ “ “ “ “ “ “ “ “ 
28 20 “ “ “ “ 3.2 3.8 2.8 4.2 2.5 4.5 2 5 
29 18 “ “ 4.2 2.8 3.4 3.6 3.6 3.4 3 4 “ “ 
30 16 5.6 1.4 5 2 4.8 2.2 4 3 “ “ “ “ 
31 14 6.2 0.8 6 1 5 2 “ “ “ “ “ “ 
32 12 7 0 “ “ “ “ “ “ “ “ “ “ 
33 10 “ “ “ “ “ “ “ “ “ “ “ “ 
 
 
Table 5.10:  Wind curtailment for 25GW demand. 
Per. 
Avail. 
wind 
output 
(GW) 
Transmission capacity (GW) 
2 3 4 5 6 7 
  Curtailed output (GW) 
Curtailed 
output (GW) 
Curtailed 
output (GW) 
Curtailed 
output (GW) 
Curtailed 
output (GW) 
Curtailed 
output (GW) 
23 30 12.5 11 9.5 8 8 8 
24 28 10.5 9 7.5 6 6 6 
25 26 8.5 7 5.5 4 4 4 
26 24 6.5 5 3.5 2 2 2 
27 22 4.5 3 1.5    
28 20 2.5 1     
29 18 0.5      
 
The total volume of wind curtailment for periods from 12-13 and 23–29 referred to above is 
shown in Figure 5.9. Increasing transmission capacity from 2000MW up to 5000MW allows 
increasing utilisation of standing reserve located in Area A in turn reducing levels of spinning 
reserve. With the transmission capacity of 5000MW the full potential allocation of standing 
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reserve is available and spinning reserve is minimised at 2000MW hence further increases in 
transmission capacity do not allow increased wind output. 
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Figure 5.9:  Curtailment of wind generation for different value of transmission capacity. 
 
Figure 5.9 above shows that is considerable amount of wind curtailment. Some wind 
curtailment is due to optimal allocation between spinning and standing reserve resulting in 
minimum level of spinning reserve holding. The optimised minimum level of spinning 
reserve is determined to cover smaller but frequent imbalances leaving standing reserve to be 
used to manage infrequent larger imbalances. However, the curtailment of wind can have a 
very high value so in the short periods when holding a high level of spinning reserve curtails 
wind it may be more optimal to reduce the minimum spinning reserve holding. The Table 
5.11 below shows the impact on costs and wind curtailment of reducing spinning reserve 
where the spinning reserve holding is limiting wind output. 
 
Table 5.11:  Reducing spinning reserve from 2000MW to 1000MW 
Spinning 
reserve (MW) 
Standing 
reserve (MW) 
Cost of 
spinning 
reserve (M£) 
Cost of 
standing 
reserve (M£) 
Total cost of 
reserve (M£) 
Wind 
shedding 
(TWh) 
Operating 
cost (M£) 
2000 5000 181.1 69.4 250.5 1.3 2503.4 
1000 6000 159.9 77.5 237.3 0.8 2482.9 
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Although the cost of standing reserve going up, as is utilised on more occasions, the overall 
cost of reserve is seen to fall. The level of wind curtailment is also significantly reduced. 
Therefore this approach does offer a cost-benefit but it is recognise that certain level of 
spinning reserve is needed for other purposes such as frequency response which might limit 
reduction in spinning reserve.  
  
The outputs of total reserve cost, total operating cost, wind shedding cost and total system 
cost are shown in Table 5.12. Total reserve cost and total operating cost are also plotted in 
Figure 5.10 below.  
 
Table 5.12:  Total reserve and operating cost for 30 GW wind. 
Transmission capacity 
(MW) 
Total cost 
of spinning 
reserve 
(M£) 
Total cost of 
standing 
reserve 
(M£) 
Total 
Reserve 
Cost (M£) 
Total 
Operating 
Cost (M£) 
 
Wind 
shedding 
cost (M£) 
Total system 
cost 
(including the 
cost of 
transmission) 
2000 825 1 826 5589 1.9 5589 
3000 690 1 691 5454 1.4 5455 
4000 559 9 569 5332 1.1 5334 
5000 442 16 458 5221 0.8 5226 
6000 351 61 412 5176 0.8 5135 
7000 258 107 365 5129 0.8 5181 
 
 
5100
5200
5300
5400
5500
5600
5700
0
100
200
300
400
500
600
700
800
900
2,000 3,000 4,000 5,000 6,000 7,000
To
ta
l O
pe
ra
tin
g 
C
os
ts
 (M
£)
To
ta
l R
es
er
ve
 C
os
ts
 (M
£)
Transmission capacity (MW)
Cost of reserve Total operating cost
 
Figure 5.10:  Total operating and reserve cost for 30 GW wind. 
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Table 5.12 and Figure 5.10 shows how increasing the transmission capacity from 2GW to 
7GW reduces the total cost of reserve and total operating cost which means that fewer 
generating units are scheduled to operate. This leads to reduced use of conventional generator 
fuel and therefore, standing reserve can improve system performance through fuel cost 
reduction associated with system balancing. 
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Figure 5.11:  Total system cost including transmission reinforcement. 
 
It can be seen from the Figure 5.11 above that optimal transmission capacity is 6000MW. 
While operating costs are lower when transmission capacity is increased to 7000MW the total 
system cost, which includes transmission reinforcement cost, increases. 
 
Figure 5.12 shows a base case with cost of standing reserve £80/MWh where minimum 
reserve cost solution is at transmission capacity 7000MW. While total reserve costs continue 
to reduce with increasing transmission capacity the costs in standing reserve start to increase. 
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Figure 5.12:  Total Reserve Cost base assumption (Standing reserve £80/MWh) 
 
For comparison, if the same system with 30GW of wind is considered using spinning reserve 
only the total operating cost is £5741m and the volume of curtailed wind is 7.5TWh. Both are 
much higher than the solution with optimal allocation between spinning and standing reserve 
presented above. The optimal allocation of reserve between spinning and standing sources 
provides benefits in operating cost and increases utilisation of available wind.  
 
5.2.3 Sensitivity studies 
 
Further case studies were completed to check the sensitivity of results to both the cost of 
standing reserve and the value for minimum stable generation for spinning reserve. These 
sensitivity results are presented in the following sections. 
 
Sensitivity to standing reserve cost 
To investigate the sensitivity to the cost of standing reserve two case studies were performed 
increasing the cost for generator GA2 in area A (Figure 5.4) providing standing reserve. The 
results obtained are summarized in Table 5.13 and presented graphically in Figure 5.13. From 
results is evident that increasing standing reserve cost justified less transmission capacity. 
Cost reduction below £160/MWh give optimum solution as 7000MW while cost above 
£160/MWh justified less transmission, 5000MW.  
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Table 5.13:  Total reserve costs in M£ for 30 GW wind for different cost of standing reserve. 
Transmission capacity (MW) Standing reserve cost (£/MWh) 
80 160 320 
2000 825 825 827 
3000 691 692 694 
4000 569 582 621 
5000 458 502 554 
6000 412 500 554 
7000 365 500 554 
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Figure 5.13:  Total reserve cost for 30GW wind for different cost of standing reserve. 
 
Sensitivity to minimum stable generation  
To investigate the impact of the value of minimum stable generation of the generation 
providing spinning reserve on the results several case studies were run. In these case studies 
different values for the minimum stable generation of generator in GB2 in area B were 
assumed. The results are summarised in Table 5.14 and presented in Figure 5.14.  
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Table 5.14:  Total reserve cost in M£ for 30 GW wind for different value for minimum stable 
generation. 
Minimum stable 
generation (MW) 
Transmission Capacity (MW) 
2000 3000 4000 5000 6000 7000 
 Total reserve costs (M£) 
300 825 690 568 457 412 365 
200 544 467 421 343 336 329 
100 332 286 269 230 249 247 
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Figure 5.14:  Total system costs in £m for 30 GW wind for different value for minimum stable 
generation. 
 
The results in Table 5.14 and Figure 5.14 show that varying the minimum stable generation of 
the spinning reserve generation in Area B does have an influence on optimal transmission 
capacity. With the minimum stable generation level at 300MW the optimal transmission 
capacity is 7000MW while reducing the minimum stable generation level to 100MW reduces 
the optimal transmission capacity to 5000MW. It can be seen in Figure 5.14 that the total 
reserve cost curve becomes flatter as the minimum generation level is reduced. Effectively 
standing reserve has a minimum generation level of 0MW. The conclusion is that increasing 
the minimum stable generation level will drive a bigger transmission capacity.    
 
The main aim of the two bus system has been to identify the drivers for transmission capacity 
required to access the generation reserve. As it was presented in the results and elaborated in 
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the analysis, the optimal allocation between spinning and standing reserve is crucial factor 
that influences the contribution to network reinforcement.  
 
The case studies examining the marginal cost of the generator providing standing reserve in 
area A influences the required transmission capacity. Reducing the marginal cost increases 
the justified transmission capacity to utilise cheap reserve. Increasing the marginal cost 
reduces the economically justified transmission capacity  
 
The minimum stable generation of spinning reserve in area B also influences the required 
transmission capacity. Clearly generation technology developments that reduce the minimum 
generation level reduce the need for transmission investment. 
 
From the results of two bus system we can identify the following as key drivers for the value 
of transmission capacity 
 cost of standing reserve 
 minimum stable generation of spinning reserve.  
   
In the next section the development of the proposed methodology will continue. This time, a 
comprehensive model based on a 15-bus system will be developed considering transmission 
capacity for optimal transmission investment, optimal allocation of generation reserve and 
optimal value of constraint costs. 
 
5.2.4 Remarks on two bus system 
 
A major factor affecting the level of standing reserve that may be utilised is the available 
transmission capacity.  Building additional transmission capacity will enable the utilisation of 
more standing reserve than spinning reserve during of periods when wind is not blowing. The 
value of standing reserve is driven by amount of wind installed and the amount of 
transmission capacity in the system.  
 
Generally, value is gained by using standing reserve to provide a greater part of additional 
balancing required by uncertainty in wind generation forecast. Reducing the relative 
contribution from spinning reserve increase system operation efficiency, achieves total 
operating costs savings and increase wind absorption. 
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5.3 Transmission Capacity for Generation Reserve on a 
Simplified GB Transmission System 
 
The simplified GB Transmission System used is shown in Figure 5.15 consisting of 15 buses 
with a total 165 generators in the system. Generators 1 to 35 are located in Scotland while the 
rest of the generators (from 36 to 165) are located in England.  The generating structure of 
this system is comprised by groups of generating units. Since each group has a different 
number of units, the generating capability on each bus is the result of the product: number of 
generators in the set × individual power of each unit. Each single generating unit has a 
capability of 500MW.  The information for each bus (installed generation and demand) is 
indicated graphically in Figure 5.15 and the detailed characteristics of the system elaborated 
in Table 5.15. 
 
For the purpose of this study, wind generation was connected at three different locations in 
the network. The capability was distributed with 5000MW at bus 7 (NW-E&W), 20000MW 
at bus 13 (NE-E&W) and 5000MW at bus 15 (SE-E&W). The same variation in wind 
generation output from 30000MW to 10000MW as used in two bus system was assumed. The 
reduction was applied in 11 uniform steps at the three locations such that when 10GW was 
being generated this was solely at bus 13 with zero at the other two locations. To assess the 
impact of local low wind days, three “contingency” study cases were included where a 
reduction of 2GW, 4GW and 6GW of wind generation was applied to the base case 
generation level at bus 13 only. When the wind generation is not available, the remaining 
units in the system need to provide the energy to meet the demand and to provide required 
reserve to maintain the security for all loading conditions.  
 
To obtain the optimal transmission capacity required for generating reserve, the following 
assumptions were made: 
 the minimum stable generation of standing reserve is 0; the maximum capacity of 
each unit in the system is 500 MW 
 the generator ramp-rate constraints are not modelled in the system 
 losses, reactive power and issues related to dynamic stability are neglected. 
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Figure 5.15: Simplified 15-bus system example, with wind generation installed in buses 7, 13 and 
15. 
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Table 5.15:  Network characteristics for the 15 bus system, length and capacity of the lines. 
 
Boundary From Area To Area Length (Km) Transmission 
Capacity 
(MW) 
TB 1 NW-SHETL N-SHETL 53 2100 
TB 2 N-SHETL S-SHETL 42 3500 
TB 3 S-SHETL N-SPTL 120 3300 
TB 4 N-SPTL S-SPTL 35 4100 
TB 5 S-SPTL UN-E&W 72 3300 
TB 6 UN-E&W N-E&W 130 3700 
TB 7 NW-E&W N-E&W 67 2400 
TB 8 NE-E&W N-E&W 30 5600 
TB 9 N-E&W M-E&W 93 8700 
TB 10 MW-E&W M-E&W 75 6800 
TB 11 ME-E&W M-E&W 45 3000 
TB 12 M-E&W S-E&W 155 8100 
TB 13 SW-E&W S-E&W 195 3400 
TB 14 SE-E&W S-E&W 60 3500 
 
5.3.1 Results of case studies 
 
 
The results from the study show that the optimal solution (Figure 5.16) utilises reserve from 
bus 14 to secure the system with the change of wind generation output in buses 7, 13 and 15. 
It can be concluded that capacity of transmission line constrains the power from generation 
reserve in bus 14, therefore the location of the generation reserve provider is a factor that 
determines additional investment in transmission capacity. The required transmission 
reinforcement for the optimal solution is highlighted by the dotted red line on Figure 5.16. 
The associated number indicates the transmission capability increase that is required in 
contrast with the situation when no reserve due to contingency losses is required. 
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Figure 5.16: Required reinforcement in line 11-14 due to generation reserve located in bus 14. 
 
In this case when the optimal allocation of generation reserve is in bus 14, the transmission 
capacity is driven by some of the demand periods with 6GW contingent loss of wind 
generation as shown by the red columns above the green line in Figure 5.17 below. The same 
maximum flow occurs in periods 6, 20 and 22. For example in period 22 the base scheduled 
generation connected to bus 14 is 3000MW and an additional 1604MW of standing reserve is 
required to secure the system. The total generation output is then 4604MW and demand at bus 
14 is 574 MW giving an export power flow in the line to bus 11 of 4030MW (4604-
574=4030). This is above existing 3000MW capacity of the line and therefore reinforcement 
of 1030MW, is required. 
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Figure 5.17: Line flow from bus 14 for each period in contingency study. 
 
In order to prove that proposed solution is the optimal considering transmission investment, 
constraint costs and reserve costs the case study was rerun with capacity of the transmission 
line between buses 11-14 fixed to 3000MW. The optimal solution changed to reinforcement 
of the line between buses 12-15, but total system cost are £11M which is higher than the 
£10.5M cost of the original solution. 
 
5.3.2 Remarks on transmission capacity for generation reserve on 
simplified GB transmission system  
 
The system operator must constantly balance the demand and generation from current 
moment through planning time horizons up to years ahead. The current NETS SQSS planning 
standards does not take into consideration generation reserve. A rapid growth in wind 
generation in the future will increase the requirement for generation reserve due to the 
uncertainty over the level of wind output in any period and potentially reduce the number of 
available providers of reserve as wind generation displaces conventional generation on the 
system. Moreover, geographical location of reserve generation is not considered as an 
important factor that requires additional transmission capacity.  
 
From the study performed on the 15-bus system it can be observed that the allocation of the 
generation reserve is a crucial factor that influences operating cost and hence should drive 
network reinforcement for generation reserve. The main observations from the case studies 
are: 
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With wind generation located in buses 7, 13 and 15 the optimal allocation of generation 
reserve required to cover the change of wind generation from 30000MW to 10000MW is in 
bus 14. Use of generation reserve in bus 14 triggers an additional transmission capacity 
requirement of 1030MW in line 11-14. Allocation of optimal reserve in other buses will drive 
different transmission reinforcement but total system cost will be higher which supports the 
conclusion that allocation of reserve in bus 14 is optimal. 
 
The 15 bus example system can be used as an analogy to the existing GB transmission system 
with the wind generation in busses 7, 13 and 15 representing offshore wind generation.. In the 
example system the distribution is consistent with the capacities of the licences issued by the 
crown estates as “Round 3”. Therefore the study can be considered as indicating that without 
additional transmission reinforcement to allow access to the optimal reserve, GB system 
operating costs may rise higher than the economic optimum.  
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CHAPTER 6 
Corrective Security - Flexible 
Transmission Network  
To support the changes that will come with transition to low carbon electricity, modernised 
transmission network with larger capacity and ability to  manage greater fluctuations in 
supply and demand, while maintaining security of supply will be required.  A response to this 
challenge is to introduce more flexibility in the way the transmission system is operated.  
 
Today’s transmission networks are centralised, built to transport the power from large power 
station to demand, balancing supply and demand. But new challenges required more than that. 
Renewable sources require very different transmission network management than those built 
in 1950s. Moreover, today’s grids incur large costs because of their inefficient use. In order to 
balance peak demand with the necessary supply, many power stations must be kept on 
standby ready to supply energy at short notice, which results in high operational costs. . For 
all these reasons, the answer lies in upgrading existing energy networks to a new form of grid 
– the smart grid which means making the electricity grid smart means improving data and 
communications across it. Communication hardware and software would be installed to allow 
operators to monitor in real time where power was coming from and where it was needed. 
These control systems would allow grid operators to ensure that, while there was enough 
power when needed, there was no need to keep power on standby. 
 
The function of transmission in a power system is centred on the fundamental requirements of 
providing efficient transport of electrical energy from large generators to demand centres, 
while maintain the required security and quality of supply. Security standards define a set of 
events that the system must be able to withstand. In order to operate system securely, the level 
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of power transfer between specific areas is usually limited, and may require generators to run 
out-of-merit.  
 
As the output of a generator cannot be changed fast enough, security in corrective mode is not 
easily attainable, therefore it is usually provided in preventive mode. This is achieved by 
dispatching the generation out-of-merit to ensure that - in case of any creditable disturbances - 
thermal, voltage, and dynamic security limits are not violated. In other words, the system is 
run with generation being out-of-merit in order to withstand sporadic disturbances, as there is 
not flexibility embedded in the system to allow to it to respond to an event after it occurs. 
This mode of operation (preventive mode), therefore, incurs security related generation costs.  
 
With post-contingency corrective control, a scenario of corrective security becomes 
potentially realizable. Corrective devices may assist in post fault-rearranging of transmission 
system flows, allowing the system to be operated with relaxed security most of the time. 
Under such a scenario generators would run more closely to merit-order, and the ability of 
control devices to control the network parameters and phase angles would be used to adjust 
the flows in the system to meet the security requirements. This could bring savings in the 
operating costs without jeopardizing the level of system security.  
 
It is important to emphasize that, traditionally planning of investment in transmission assures 
an inflexible network and operation of the system in preventive mode. However, control 
devices such QBs and demand side corrective actions are challenges to this approach, by 
bringing a greater degree of flexibility in controlling active flows over the system.  These 
controls enable better utilisation of existing facilities and therefore reduce the demand for new 
investments.  
 
This chapter presents the application of post-contingency control, namely QBs, and demand 
side corrective actions to provide cost-effective security solutions for the power network. 
Using the methodology from chapter 3, case studies were simulated on a four bus system and 
the 24 Bus IEEE Reliability Test System; it was demonstrated the benefits to the system 
thought the application of corrective post-contingency actions. 
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6.1 Power System Security 
 
Power system security is the ability to maintain the flow of electricity from the generators to 
the customers, especially under disturbed conditions. Since disturbances can be small or large, 
localized or widespread, the planning and design of the power system must achieve a certain 
level of security. To secure the system against more severe disturbances obviously requires 
more expensive designs; hence, the design criteria are chosen to meet an appropriate level of 
security. In the more developed countries, the customer is often willing to pay more for 
minimizing the interruption of power, whereas in the less developed countries the scarcity of 
capital and other reasons keep the level of power system security lower. Security is at least 
1000 times more valuable to customers than it is to generators.   
 
6.1.1 Security assessment 
 
The security of a power system must be assessed to guarantee a particular level of 
performance. This is true following any modification to the structure of the power system or 
to the operational condition is changed.  
 
To maintain security of the power system at all times is the main responsibility of the 
operator. The long term planning provides adequate reliability. The short term an operation 
planning ensures that there is enough generation and transmission capacity in the system to 
meet the projected conditions for the next day or week. In real time the control centre 
computers automatically sends out signals to the generators to follow load and also monitors 
for adequate reserves in case a generating unit is suddenly lost. The security assessment 
program ensures that the loss of any equipment – a generating unit, a transformer, a 
transmission line, etc – does not result in voltages beyond their operating limits and 
transmission lines beyond their loading limits. 
 
As was outlined in chapter 3, instead of finding full power flow solutions for all hundreds of 
contingencies, more approximate but fast solutions are obtained to determine which 
contingencies pose the biggest hazards. This calculation is known as contingency screening. 
Most of the time, for well-planned systems, single contingencies should not cause any limit 
violations, and the main purpose of the contingency screening is to isolate the very few 
problem cases from the hundreds of non-threatening contingencies. Only the worst 
contingencies are further studied with accurate power flow solutions and the resulting 
overloads and under voltages are reported to the operator as alerting messages. 
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The security assessment program is thus designed to alert the operator if a particular 
contingency would cause the system to violate operational limits. The operator, if so alerted, 
must then decide whether to take preventive action right away so that this contingency does 
not pose a problem or to take no action at the present time but be ready to take corrective 
action if the contingency does occur. In most cases of overloading or undervoltages, the 
operator usually has several minutes to take corrective action and so the latter course is most 
often taken. This approach saves the operator from making expensive changes in the 
operating condition and the contingency may never occur. However, in some regions the 
operator must ensure no violations for single contingencies and in that case the more 
expensive but secure preventive action must be taken whenever any contingency study detects 
limit violations. 
 
Corrective operation is less reliable than preventive operation, but allows greater power 
transfers during normal operations. Corrective measures between systems sometimes become 
so complex that when a certain contingency occurs, the system fails.  
 
Changing the power flows over the system to reduce the loading on the critical line after a 
contingency occur increases the power transfers that can be made under normal conditions. 
The improvement in the power flows must be compared against the cost of system failures 
when the corrective measures do not work. Technologies are being developed to move toward 
corrective, rather than preventive methods. Technologies, developed as a part of a Flexible 
AC Transmission System, (FACTS), can be used to help mitigate current preventive system 
operating constraints. The FACTS concept uses new power-electronics switches and other 
devices to provide faster and finer controls of equipment to change the way the system power 
flows divide over the system under normal conditions or during contingencies. A FACTS 
device can be used to reduce the flow on the overloaded line and increase the utilization of the 
alternative paths excess capacity. This allows for increased transfer capability in existing 
transmission and distribution systems under normal conditions. Some FACTS applications are 
presently feasible and in service while others are in various stages of development.  
 
It is important to emphasize that adding transmission capacity does not improve security. 
Fundamentally, there are two ways of increasing the capacity of a transmission network: 
upgrading the capacity of the existing network and building new transmission lines. In case of 
upgrading the lines a rigorous probabilistic analysis would show that the probability of a 
outages has actually increased because the stability margin of the system has decreased due to 
the extra loading of the transmission lines. On the other side, the economic benefits of adding 
a line are obvious; although new line does not improve the security of this system because the 
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additional capacity that it provides is used to increase the power transfer between the two 
areas rather than to increase security. Furthermore, having more lines marginally increases the 
likelihood of outages simply because there are more elements that can fail. When security 
rules are not longer acceptable, tightening the security standards is one of the solutions; 
however, is not a cost-free recipe for enhancing security. 
 
A power system can never be totally secure. It is always possible to devise a sequence of 
events that will lead to a total or partial collapse of the system. The probability of such a 
sequence of events may be very small but it will never be zero. At the other extreme, a power 
system operating on its stability limit has zero security because any deterioration in its 
condition (such as the outage of a component or a small increase in load) will result in the 
disconnection of at least some consumers. There are various types of actions that the operator 
of a power system can take to improve the security of the system in its charge. These 
measures can be classified in terms of their cost and in terms of the time at which they are 
implemented. 
6.1.2 Cost-based classification 
 
The security of the system is reduced when active power transfers are high and when reactive 
support is insufficient. Actions that affect the provision and flow of reactive power have an 
almost negligible cost compared to actions involving active power because no energy needs to 
be consumed to produce MVars. When an operator is concerned about a potential voltage 
problem, the first thing that he or she will do is thus to adjust the transformer taps or the 
voltage set-points of generators and SVCs (Static Var Compensators) the voltage profile and 
increase reserve to improve the reactive.  
 
Unfortunately, these cost-free measures are often ineffective or insufficient to correct security 
problems. The operator is then forced to use the active power controls. The only one of these 
that is cost-free is the adjustment of taps on quad-boosting transformers. By introducing an 
artificial difference in voltage angle between its two terminals, a quad-boosting transformer 
provides a direct mean of controlling the flow of active power. By directing this power away 
from overloaded areas, the operator can improve the security of the system. 
 
When these adjustments are not sufficient, the operator has to change the active power 
produced by the various generating plants connected to the system. If security were not an 
issue, the market for electrical energy would determine the output of these plants. This 
dispatch would thus reflect the competitiveness of each plant. If this economic dispatch is not 
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secure enough, the system operator must modify it by intervening in the market. This 
intervention always involves buying energy from more expensive generators to replace 
energy from less expensive generators. 
 
6.1.3 Timing-based classification 
 
Security measures can also be divided into preventive, corrective and desperate actions. 
Preventive actions are intended to help the system ride through possible disturbances without 
immediate operator intervention. Since disturbances can occur at any time, preventive actions 
must be in effect at all times. Preventive measures that involve re-dispatching generation are 
thus very costly. It would be preferable to maintain the security of the system by reacting to 
unanticipated events. A preventive dispatch for uncontrollable contingencies is included in the 
pre-contingency solution of SCOPF for maintaining the economics and the secure operation 
of a system in the event of contingencies. However, the preventive dispatch is conservative 
and could be expensive and even infeasible for potentially dangerous contingencies.  
 
The corrective actions represent post-contingency control actions for eliminating system 
violations. Such contingencies are referred to as controllable contingencies. The cost of such 
corrective actions is much lower because they are implemented only when needed. There is 
unfortunately a limit to what can be achieved with corrective actions. The output of most 
generators cannot be increased fast enough to relieve an overloaded piece of equipment 
before it is damaged. 
 
Conventional corrective actions have an even lower effectiveness when voltage or transient 
instability is a problem. Demand side corrective actions provide a much faster way to reduce 
the active power flow through a weakened corridor. If a network operator can enlist enough 
consumers by giving them sufficient financial incentives to agree to have their supply 
interrupted during emergencies, it might be able to significantly reduce the cost of preventive 
security measures. There are, however, practical limitations to the implementation of such 
schemes. First, the customers must be located in the right area. Second, the network operator 
must have a way to trigger these demand side corrective actions without delay and must be 
confident that the load reduction will take place as expected in the event of an emergency. 
This is difficult if these corrective demand side corrective actions involve more than a few 
large industrial customers. 
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Corrective demand side should not be confused with the desperate actions that system 
operators have to resort to when preventive and corrective measures prove insufficient in the 
wake of a larger than expected disturbance. The goal of these desperate actions is to save the 
system by shedding significant amounts of load in critical areas. Such measures are taken in 
the hope of stopping the spread of the disturbance. Unlike the consumers who voluntarily 
agree to the interruptible contracts that underpin corrective demand side, the victims of these 
desperate actions are usually not compensated. 
 
6.2 Corrective Control Actions 
 
As it was outline in the previous section, preventive security constrained dispatch by its own 
definition is conservative, because it does not take into account the system corrective 
capabilities after the outage occurs. Without corrective control preventive security constrained 
dispatch leads to a costly and inefficient use of the network due to the little contingency 
probability. It is therefore necessary to consider post-contingency corrective actions, such as 
QBs, FACTS devices and demand side response. 
 
6.2.1 Application of quadrature boosters (QBs) 
 
Quadrature boosters (QBs) can be used on the transmission network to improve the utilisation 
of its existing assets. The on-load tap changers installed on the QBs permit the system 
operator to adjust the power flow pattern as system condition change. In preventive control, 
the operational timescales the QBs tap positions are optimised to eliminate or minimise 
constrained-on costs in the total generation cost due to the transmission thermal constraints. In 
the planning of the transmission system a frequent objective is to maximise the transfer 
capability of the existing network and thereby avoid unnecessary reinforcement.  
 
A quadrature booster, also known as a phase-shifting transformer or more simply a quad 
booster, is a specified form of transformer with windings arranged such that the voltage at the 
output terminals is phase shifted with respect to the input terminals. Introduction of this 
voltage into an interconnected network so that causes active power to circulate around the 
network  the flow on the circuit where the device is situated may be  increased (boost tapping) 
or decreased (buck tapping). Fitted  with  on-load tap changers,  quadrature  boosters permit  
the  system  operator to  adjust the  amount of  the  phase shifted voltage and thereby 
modulate the flow pattern as system conditions change. This can be particularly beneficial 
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when used as a control action during a contingency when short-term loading allowances may 
be exploited and any long term adverse conditions avoided. 
 
Quadrature Boosters (QBs) have been used in the UK transmission system since 1969 when 
first 275 kV units were installed. The GB transmission system is composed of a highly 
interconnected series of relatively short (10 to 100 km) transmission circuits. Power flow is 
predominantly from the north, where there is an excess of generation, to the south where there 
is an excess of demand. There is a particular need to manage the power flows on certain 
circuits, following the loss of one or more of the several transmission lines that connect a 
region of high net generation to one of high net demand. The ability to control the power flow 
in one or more of the lowest capacity lines linking two parts of the network, allows an 
increase in overall secured capacity (the capacity following a fault or faults) of that part of 
transmission system. The most effective way of achieving this power-flow control has 
provided to be by the use of QBs. This ability to provide increased secured capacity whilst 
avoiding new circuit construction is of a particular importance given the need to minimise the 
environmental impact of the transmission system.  
 
The on-line Figure 6.1 shows the effect of tapping a quadrature booster on a two bus system 
example with two parallel transmission lines. In the left hand-image, the quadrature booster 
has a phase angle of 0. It thus does not affect the power flow through its circuit and both lines 
are equally loaded at 50 MW. The right-hand image shows the same network with the 
quadrature booster tapped down so to buck the power flow. The resulting negative phase 
angle has transferred 23 MW of loading onto the parallel circuit, while the total load supplied 
is unchanged at 100 MW. (Numbers used in the example are figurative: the actual phase angle 
and transfer in the load would depend upon parameters of the quadrature booster and the 
transmission lines). 
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Figure 6.1 Illustrative example of how a QB can increase transmission capacity. 
 
6.2.2 Application of demand side corrective actions 
 
Optimal security constrained dispatch can be also determined by incorporation of demand 
side corrective actions in post-contingency rearranging of transmission power flows. Post-
contingency corrective control (load reduction) is used to eliminate line/transformer overloads 
that may arise in the contingencies. In this research is illustrated the potential of demand side 
corrective actions in reducing constrained cost and reducing transmission investment while 
achieving level of system security. 
  
The amount of demand side corrective actions to be used for provision of security is 
determined as trade-off between out-of-merit order generation costs and load reduction costs 
over the period under consideration. The problem of allocation of demand side participation 
services can be treated as a long term operational problem, with a horizon of the order of a 
year.  
 
Demand side corrective actions should be used for control of constrained costs to the extent 
that the expected costs associated with exercising them when needed (i.e. after contingency) 
is smaller than the reduction in generation and transmission investment costs. In this research 
demand side corrective services would normally involve fixed costs related to the availability 
of the service, and variable costs associated with the actual amount of power and energy not 
served. Such two part cost structure would require the formulation of mixed integer 
programming, presented in methodology in Chapter 3).  
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6.2.3 Quantifying the benefits of corrective control 
 
1) Function of transmission: The function of transmission in a power system is cantered 
around the fundamental requirements of providing efficient transport of electrical energy from 
large generators to demand centres, while maintaining required standards of security and 
quality of supply.  Security standards define a set of events that the system must be able to 
withstand, and specify permitted voltage and frequency fluctuations. Furthermore, the 
standard requires that events such as faults and/or changes in demand should not result in 
excessive oscillations, which could lead to transient or dynamic instability of the system. It is 
also necessary to ensure that the system will not experience a voltage collapse due to faults or 
inherent instability of the voltage maintenance process (NGET (2008) Great Britain Seven 
Year Statement).  
 
In order to operate the system securely, the level of power transfer between specific areas is 
usually limited, and may require generators to run out-of-merit. A further immediate effect of 
the demand to meet security requirements is that significant amount of transmission facilities 
must be held in reserve. Use of corrective control could have a potential beneficial effect in 
this regard.  
 
2) Option: Flexible Transmission Network: Power flowing from generators to loads divides 
over various transmission circuits in accordance with impedance of the circuits. The most 
common way to change the power flows is to change the pattern of generation, i.e. increase 
generation at some location and decrease it at others.  
 
As it was mentioned before, security is usually provided in preventive mode. In this mode, 
there is no flexibility embedded in the system to allow it to respond to an event after it occurs 
and it is often costly. 
 
A scenario of corrective security becomes a concept that opens a new operating attitude in 
transmission network for it introduces devices at the post-contingency stages making it 
possible what was not considered (in the past) as an achievable aim when dealing with 
corrective operations.  A set of characteristics showing the advantages of this new viewpoint 
is given  
 
 the post-contingency flow can be rearranged, allowing the system to operate with 
relaxed security most of the time 
 generators are able to run more close to the merit-order 
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 the ability of corrective devices to control network parameters, and phase angles are 
used to adjust the flows and voltage to meet security requirements 
 savings are brought in operating and investment costs without jeopardizing the level 
of system security 
 brings a greater degree of flexibility in controlling active flows over the system 
 enables better utilisation of existing facilities and therefore reduces the demand for 
new investment. 
 
Corrective security is an important area of focus since it is frequently argued that installation 
of corrective devices in power system can confer economic benefits by postponing investment 
in the network. It is important to remember that network reinforcement is undertaken for two 
main reasons. One is to move the system to into a feasible operating region in case where 
secure operation cannot be achieved with existing network capacities and another is to reduce 
out-of-merit order generation costs. In the latter, reinforcement is undertaken only if the cost 
of reinforcement is less than the reduction of out-of-merit order generation costs. The benefit 
of reinforcement is therefore defined as the difference between out-of-merit order generation 
costs with and without of reinforcement. Similarly, the benefit of corrective control is 
calculated as difference between security costs with and without corrective devices.  
 
It should be emphasized, however, that full utilization of corrective devices may require some 
radical changes in the operation of power systems, such as change from preventive to 
corrective mode of operation. Therefore, in order for the electricity industry to accept this 
challenge, the benefit of these devices must be clearly and early identified.   
 
6.3 Case Studies on Four Bus System 
 
The proposed approach establishes, as a starting model, total security cost without corrective 
control and represents the maximum possible amount that could be saved with corrective 
control.  
 
A four-bus system has been chosen because it is the minimal meshed network that could be 
meaningfully adapted to the use of QBs.  
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6.3.1 System data  
 
In this section, the fundamental idea and essential characteristics of post-contingency 
corrective control are illustrated on a simple 4-bus example. This example enables the nature 
and features of corrective control to be understood and critically evaluated.  
 
The system is shown in Figure 6.2 consist of 4 busses and 6 transmission circuits. The 
generators G1, G2, GW2 and G3 are used to supply demand located in all four busses. 
Generator GW2 is representing wind power with a penetration level of 100GW. For each 
loading condition, data for wind generation associated with the time interval used for 
classifying load levels is grouped into 5 output levels, started from 10% to 90% (the same 
profiling technique was used in chapter 4 for two bus system). 
 
Maximum load demand is 350 MW while total duration of the demand is 8760 h.  
 
 
 
Figure 6.2 Illustrative example – four bus system. 
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The system data is presented in Table 6.1. These parameters are the input for the program of 
the developed methodology: 
Table 6.1 System data. 
Four-bus system data 
Generating Units 1 2 3  4 
Marginal cost of energy (£/MWh) 10 20 0 (wind generation) 30 
minP  0 0 0 0 
maxP  250 150 100 250 
Quadrature Booster13 Maximum tap position: 20 degrees 
Minimum tap position: -20 degrees 
Cost of QB: £1000 /MW/km/year 
Transmission line length 40 km, exception is double line 2-4 which length is 60 km 
Transmission investment cost £30/MW/km/year 
 
For this particular chapter the following condition had been considered: 
 the total generation capacity resulting from the contributions of all generators exceeds 
the maximum (peak load) 
 generation reserve requirements are not taken into consideration 
 ramp-rate limits and start-up cost are not modelled in the system 
 the problem is modelled assuming “green field” transmission planning problem 
(existing transmission capacity is zero) 
 losses, reactive power, voltage and dynamic stability related issues are neglected. 
 
A summary of system and base case scenario on which case studies were based is given 
below. The problem of location and number of QBs in the network was detected with 
inspection. A simple approach was used; first one QB was inserted on one line and the 
benefits to the total system costs were analysed, until all possible combinations of QBs in the 
network were investigated. Based on the benefits to total system costs, the best solution was 
obtained with three QBs in the system, two QBs on the parallel line 2-4 and the third QB on 
line 3-4. 
 
 
 
 
 
 
 
                                                 
13 Cost of QB is included in cost of the transmission line 
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Table 6.2  Details of the 4-bus system. 
Number of periods 15 
Number of nodes 4 
Number of lines 6 
Number of QB 3 
Number of generators scenario 5 
Number of demand periods 3 
Demand side corrective actions Available (in Case 2 and Case 3) 
Number of lines contingencies 15 (6 n-1,5 n-2 and 4 n-3 outages) 
Number of generator contingencies 4 (n-1 outages)  
System peak demand 350 MW 
 
Three case studies namely Case 1, Case 2 and Case 3 are used in the following evaluations 
were derived from simple four-bus system example presented in previous section. Three cases 
are designed to illustrate the influence of corrective control (demand side corrective actions 
and optimising of QBs taps) on the overall system cost particularly on transmission 
investment cost. 
 
The case studies performed include the following:  
 
Case study 1: optimising QBs devices in post-contingency control (demand side corrective 
action is not available) 
 
Case study 2: impact of demand side in post-contingency control (optimisation of QBs is not 
available) on total system and transmission investment cost 
 
Case study 3: impact of coordinated post-contingency control (application of QBs and 
demand side corrective actions) on total system cost and transmission investment costs. 
 
6.3.2 Case study 1: optimising quadrature booster (QB) taps in post-
contingency control 
 
In order to study the benefit of QB for the existing network, three simulations were carried 
out. In the first simulation, the total cost, namely transmission investment and generator 
operating cost, was determined by running the security constrained economic dispatch over 
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three demand periods without considering QBs. In the second simulation, the total cost was 
evaluated in preventive mode optimizing QBs in the network. In the final simulation, the 
network was assumed to be fully flexible, optimizing QBs in corrective mode and again the 
total cost was calculated.  
 
As was mentioned above the number and optimal positions of QBs in the network were 
determined by inspections. First the position of QBs in preventive mode is set (obtained as a 
result of optimisation). Once the starting point of QBS is obtained, the position of QBs in 
corrective mode is determined.  
 
The results of these simulations are summarized in Table 6.3 where it can be observed that 
simulation 1 has significantly higher total investment and operating costs than simulation 2. 
However, benefits are greatest in simulation 3, when fully flexible network is assumed. 
 
Table 6.3 Results of simulations. 
 Transmission 
investment 
cost 
(£)  
Generation 
operating 
Cost 
(£) 
Total 
cost  
(£) 
Merit-order 
generator 
cost  
(£) 
Out-merit-
order 
generator 
cost  
(£) 
Simulation  1 
(preventive mode, no QB) 
1,052,648 16,758,087 17,810,735 15,335,689 1,358,813 
Simulation  2 
(preventive mode, with QB) 
976,924 16,769,142 17,746,066 15,335,689 1,369,868 
Simulation  3 
(corrective mode, with QB) 
866,229 16,789,118 17,655,347 15,335,689 1,389,059 
 
The total investment and operating costs in security-constrained dispatch without QBs in the 
network are £17,810,735. Suppose that now security constrained dispatch is required with 
QBs in the network, such as the system should have no overloads if either any of 6 lines are in 
outage, or one of the generator is in outage. In such case, the resulting total cost with QB is 
£17,746,066. It can also be observed that the security constrained dispatch has a lower 
security cost, than the total system costs without QBs. As it was mentioned above, the system 
is in preventive mode thus remaining secure for post-contingency configuration. This dispatch 
is considered to be conservative and therefore may be very costly; as it does not take into 
account the operator’s ability to take corrective actions after an outage occurs.  
 
Suppose now that post-contingency control actions can performed, i.e. re-arranging the power 
flow using quadrature boosters (QBs) in corrective mode. The results turn out to be the most 
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cost-effective in simulation 3. Under such scenario, the generators would run more close to 
merit-order (entailing reduction in merit-order costs), and the ability of QBs devices to control 
phase angles is used to adjust active power flows to meet security requirements. This brings 
savings in operating costs without harming the level of system security.  
 
We can conclude that, with QBs in corrective mode, it is possible to obtain the same level of 
security as in the preventive mode. Yet the process involved (in simulation 3) brings out 
additional benefits; that is, clear reductions in out-of-merit order cost and reduced total 
investment costs, which leads to relevant cuts in the total system cost and the figures 
exhibited in Table 6.3 have presented concrete evidence that this is the case. 
 
6.3.3 Case study 2: demand side corrective actions 
 
This part presents results obtained in the case study 2 for determining a total security cost that 
can incorporate demand side participation in post-fault control on four-bus system (Figure 
6.2). It is assumed that optimisation of QBs taps is not available in the network. Post-
contingency corrective control (demand side participation) is used to eliminate line overloads 
that may arise in the contingencies.  
 
The amount of demand side to be used for providing security is determined – over the period 
under consideration – as trade-off between investment cost, out-of-merit order generation 
costs and load reduction costs. Demand side is used for control of investment and out-of-merit 
generation cost to the extent that the expected cost associated with exercising them when 
needed (after contingency) is smaller than the reduction in total cost (investment and 
generation costs) during normal, preventive operation.  
 
The Figure 6.3 shows the concept of cost-benefit analysis. The developed cost benefit 
analysis is employed to find optimal tradeoffs between the following two categories of costs:  
 Cost of generation constraints and transmission investment cost (preventive control 
actions) 
 Cost of demand response (corrective control actions) 
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Figure 6.3 Cost benefit framework combined preventive and corrective control portfolio 
optimisation. 
 
In the case of demand to be used as corrective security, two-part compensation is available. 
The first part is an availability cost which the demand is granted for making the service 
available. It is paid whether or not the service is used and is independent of the size of 
duration of the load curtailment.  The second part is an utilisation cost, as compensation to the 
demand, which is proportional to the amount of energy not served. Allowing the customers to 
contribute to the security of the system increases the number and the geographical distribution 
of security providers which can significantly reduce the price of security while maintaining 
the existing security standards. However, it is not easy to determine the value of interrupting a 
particular load (utilisation cost). If a demand side corrective action is being considered to 
counteract the effects of a local transmission problem, the question is quite complex as this 
value depends on the node where the demand is connected. Demand located in more 
congested transmission areas would normally have a much higher value as a corrective action 
and than a similar demand located in not congested part of the network.  
 
The cost of making corrective actions available is equal to the sum of the utilisation costs paid 
to customers who make their load available for curtailment. The expected cost of 
implementing corrective actions is computed by multiplying the utilisation cost (in £/MWh) 
by the expected values of the number of outages, of the duration of each outage and of the 
amount of load reduction. Such two-part structure would require the formulation of a mixed-
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integer programming. It was assumed that the same utilisation cost is paid at all buses and for 
simplicity’s sake; the availability cost was set to zero.  
 
Figure 6.4 shows how the “market share” of corrective actions grows from 0% to 100% as the 
utilisation cost is decreased from £550/kWh down to £0.5/kWh. As corrective actions 
penetrate the security market, the total cost of security decreases. 
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Figure 6.4 Market share for preventive and corrective security actions as a function of the 
utilisation cost of the demand side corrective actions. 
 
Figure 6.5 shows that without corrective actions (£550/kWh), the cost of security amounts to 
about 25% to the unconstrained generation cost. For an utilisation cost fee of £10/kWh, the 
cost of security has been reduced to 20% of the unconstrained generation cost and corrective 
actions have captured is 40% share of this market. In the extreme case where the utilisation 
cost can be reduced to £0.50/kWh, preventive security is no longer justifiable; all security is 
achieved through corrective action and the total cost of security drops to about 1.5% of the 
unconstrained generation cost. 
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Figure 6.5 Variation of the total security cost as a function of the utilisation cost of the demand 
side corrective actions. 
 
The price for load reduction was gradually decreased from high value (£550/kWh) where no 
load reduction is seen to be cost effective, to a value of £0.5/kWh, where a huge amount of 
total system load is expected to be reduced in case of critical outages. The resulting costs are 
summarised in Table 6.4. The total system cost is equal to generation costs plus investment 
costs plus demand side corrective action costs. As corrective actions penetrate the security 
market, the total system cost decreases.  
 
Table 6.4 shows that the transmission investment, operating generator and total system costs 
for cases when utilisation cost is £300/kWh and £200/kWh are slightly lowered compared to 
case with £550/kWh as the utilisation cost is relatively high. 
 
Further reduction in utilisation cost, up to £160/kWh does involve significant changes in 
transmission investment costs to £2,441,077 while the total system costs are only slightly 
lowered to £20,586,046. When the utilisation cost drops further, up to £140/kWh, the amount 
of load reduction participating in post contingency control increases. The transmission 
investment costs are significantly changed in this case and the total system cost goes down to 
£20,385,661. It is interesting to note that the total revenue by the customers participating in 
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providing system security increases from £1,405,185 to £1,581,972 despite the reduction in 
the utilisation cost, as the volume of load reduction required increases considerably.  
 
It is interesting to note that further decrease in utilisation cost, up to £0.5/kWh, does not 
include further transmission investment cost reduction. This price interval (140 – 0.5 £/kWh), 
for which optimal solution to the problem does not change, corresponds to the phenomenon of 
indifference interval characteristic to linear programming. However, as a result of reduction 
of utilisation costs, the total system costs decrease from £ 20,385,661 to £18,809,097. This 
difference would correspond to the net benefit seen by customers of electricity and/or – 
through the decrease of total system cost – the transmission system operator. 
 
Installation of QBs devices in the power system can confer economic benefits by postponing 
investment in the network, i.e. to significantly decrease the transmission investment costs.  
 
Table 6.4 Impact of demand side corrective actions on transmission investment and total system 
costs. 
Utilisation 
cost   
(£/kWh) 
Investment  
cost (£) 
Operating 
generator  
cost (£) 
Demand side 
corrective action 
costs (£) 
Total system cost 
(£) 
550 3,907,822 16,944,993 0 20,812,160 
300 3,867,167 16,705,990 133,747 20,747,559 
200 3,726,527 16,706,523 240,257 20,673,307 
160 2,441,077 16,739,784 1,405,185 20,586,046 
150 2,441,077 16,739,784 1,317,361 20,498,222 
140 2,064,513 16,739,175 1,581,972 20,385,661 
100 2,064,513 16,739,175 1,129,980 19,933,669 
50 2,064,513 16,739,175 564,990 19,368,679 
25 2,064,513 16,739,175 282,495 19,086,184 
10 2,064,513 16,739,175 112,998 18,916,687 
5 2,064,513 16,739,175 56,499 18,860,187 
1 2,064,513 16,739,175 11,300 18,814,988 
0.5 2,064,513 16,738,339 6,245 18,809,097 
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The cost of corrective actions 
 
The non-monotonic variation is explained by the fact that, as the utilisation cost is decreased, 
the number of occasions where corrective action will be used increases but the payment for 
each demand response decreases. Or it can be stated that when the price is high, the demand 
for service is low, while very small price cannot increase demand for the service as the 
security constrained dispatch approach to the plain one. In this particular case as is shown in 
Figure 6.6 the revenue reaches its maximum at £140/kWh. Furthermore, when the per unit 
load reduction price drops below £0.5/kWh, security constrained dispatch approaches plain 
dispatch. It should be stressed that the introduction of corrective actions in a security market 
always decreases the total cost of security. 
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Figure 6.6 Total expected cost of corrective actions expressed as a percentage of the 
unconstrained generation cost. 
 
With this example it was provided that overloads that occur after outages of circuits and 
generators can be effectively eliminated by carrying out appropriate demand side corrective 
actions. 
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6.3.4 Case study 3: simultaneous application of impact of demand 
side and optimising QBs taps in post-contingency control  
 
 
In case study 3 the network is assumed to be “fully flexible” and the total investment and 
operating costs are calculated. We assumed that system characteristic, input data for QBs and 
the prices for load reduction are the same as mention in Table 6.1 and table 6.4 respectively. 
In order to assess the benefits of operation of QBs and demand side, the results of the case 
study 3 will be compared with the results of case study 2. 
 
To evaluate maximum benefits of a fully flexible network two simulations were carried out: 
 
In the first simulation, total system cost in preventive mode with option for optimising the 
QBs available was determined. This is due to the fact that we need first to set the value of 
QBs in preventive mode. 
 
In the second simulation, a network was assumed to be fully flexible, where both corrective 
actions, optimising the QBs and demand side participation, were available. Total operating 
and investment costs were also calculated. In corrective mode, for different values of 
utilisation cost and different setting degrees of QBs obtained from the preventive mode, the 
corresponding total investment and operating costs were calculated. 
 
The numbers in Table 6.5 from the second simulation set shows that when corrective actions 
are consisting of demand side corrective actions and optimisation of QBs, the total system 
cost decreases and are smaller than total system cost – when only demand side is available as 
corrective action. As it was already mentioned (Figure 6.6) without corrective actions the total 
cost of security amounts about 25% of total unconstrained costs. For an utilisation cost of 
£10/kWh with demand side only available for corrective actions the cost of security has been 
reduced to 20 % of the unconstrained costs, while in the case with combined actions the total 
security costs drops to 4 % of the unconstrained costs.  
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Table 6.5 Impact of demand side corrective actions and optimisation of QBs on total system cost. 
Utilisation cost 
(£/kWh) 
Total system cost (£) 
only demand side 
corrective actions 
Total system cost (£) 
simultaneous demand 
side corrective actions 
& optimisation of QB 
550 20,812,160 18,198,964 
300 20,747,559 18,192,278 
200 20,673,307 18,188,190 
160 20,586,046 18,186,546 
150 20,498,222 18,186,122 
140 20,385,661 18,170,209 
100 19,933,669 18,066,645 
50 19,368,679 17,841,764 
25 19,086,184 17,719,329 
10 18,916,687 17,645,346 
5 18,860,187 17,620,685 
1 18,814,988 17,600,956 
0.5 18,809,097 17,598,490 
 
 
6.3.5 Remarks on the four bus system 
 
Combined post-contingency control (optimisation of QBs and demand side) is required to 
achieve full flexibility of operation and derive appropriate benefits of corrective actions. The 
model presented here based on a four-bus system is used to evaluate the economic benefit of 
corrective actions.  
 
Based on the presented evidence, it does appear that simultaneous application of demand side 
and optimising of QBs in post-contingency control is a more economically attractive option 
than dealing with each of the corrective actions separately. Installation of corrective devices 
in a power system can confer economic benefits by postponing investment in the network and 
obtain operating efficiency. 
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6.4 Case Studies on 24 IEEE Test System 
 
The approach of determining an optimal security constrained economic dispatch that can 
incorporate demand side services, optimisation of taps of QBs in post-contingency corrective 
mode in order to rearrange the flows and minimise the investment in the system has been 
additionally tested on slightly modified 24 Bus IEEE Reliability Test System (IEEE 
Reliability Test System, 1979). Furthermore, the developed model includes a multiperiod 
change in demand and follows the availability of demand side participations in different 
demand periods. In addition optimisation is performed of quadrature booster tap in preventive 
and corrective mode. 
 
All case studies were carried out on the modified IEEE 24 Bus Reliability Test System whose 
network and contingency are given in Appendix A. Regarding the generation and demand 
data a slightly modified system was employed. Instead of 50 demand periods, 40 periods were 
used (appendix A, table A-5).  In bus 22, instead of hydro, wind generation was considered. 
The wind generation output levels were the same as were used in Chapter 5 (5 output level, 
from 10 % to 90 %). The main reason for doing this was to reduce the number of periods, due 
to the issue with memory in the computational process.  
 
To obtain the optimal transmission capacity considering the post-contingency corrective 
control actions (demand side and optimisation of quadrature booster taps), the following 
assumptions were taken into consideration: 
 
 the total generation capacity resulting from the contributions of all generators exceeds 
the maximum demand  
 generation reserve requirements are not taken into consideration 
 ramp-rate limits and start-up costs are not modelled in the system 
 the problem is modelled assuming “green field” transmission planning problem 
(existing transmission capacity is zero) 
 losses, reactive power, voltage and dynamic stability related issues are neglected. 
 
A summary of system and base case scenario from which case studies were developed is 
given in Table 6.6.  
 
The influence of multiple phase shifters (QBs) on the network flow is complex, because they 
interact on one another (solving the flow in one overload line may cause overload on the other 
line in the system). The problem of location of QBs in the network was detected with 
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inspection. A simple approach was used; a QB was inserted on one line and the benefits to the 
system costs in preventive and corrective were analysed. Based on the benefits that particular 
QBs bring to the total network cost and transmission investment costs, the decision where to 
locate QBs was taken. Therefore, the most beneficial QBs for the network are QBs, namely in 
line 15-24 and line 12-23. It is important to mention that in this research the main goal was 
not to optimally locate the QBs but to analyse the benefit of the installed QBs in post-fault 
mode. 
Table 6.6 Summaries of the system and base case scenario. 
Number of periods  200 
Number of nodes 24 
Number of lines 
Transmission investment cost  
38 
30 £/MW/km/year 
Number of Qudrature Boosters 2 (line 15-24; line 12-23) 
Number of generators 31 (wind generation in bus 22) 
Operating reserve provided (MW) 0 
Number of demand periods 40 
Demand side corrective actions All demand available for demand side corrective actions 
Number of lines contingencies14 5 
System peak demand 2850 MW 
 
 
For the following discussion on the effectiveness of the demand side corrective actions and 
optimisation of QBs, it is important to note that the majority of less expensive generation sites 
are in the upper part of the system, while the more expensive generation is predominantly 
located in the lower part of the system. In Figure 6.7 the location of QBs in the network is 
presented.  
                                                 
14 The problem of implementation of corrective control actions represents a large optimisation problem. Due to 
computer memory limitations, the number of contingency was taken to be 5. Contingency computations without 
corrective control actions, 42 contingencies, were presented in Chapter 3.  
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Figure 6.7 Example of location of QBs in the network. 
 
The value of post-contingency actions on complex 24 Bus IEEE Reliability Test System is 
emphasised in terms of transmission system investment costs, and total system costs.  The 
proposed solution enables to potential and value of demand side and optimisation of 
quadrature boosters taps to be evaluated. This can be used as base for a transmission 
expansion model that incorporates flexibility in transmission network.  
 
6.4.1 Benefits of demand side corrective actions and quadrature 
boosters 
 
To determine the effect that demand side corrective actions could have on the transmission 
investment cost and consequently on overall costs of security, it was assumed that the same 
utilisation cost  would be paid at all busses and for simplicity’s sake, the availability cost was 
set to zero (all demands are cheap and available for corrective actions). If this utilisation cost 
is set very high, demands side corrective actions are not competitive and security is provided 
entirely through optimisation of QBs tap in corrective means.   
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Similarly to the four bus system case, the price for demand side was gradually decreased from 
a high value – where no demand side is observed to be cost  effective – to a value where a 
large amount of total system load is expected to be reduced in case of critical outages. 
 
In Table 6.7 different utilisation costs were assumed in decreasing order from £200/kWh to 
£0.5/kWh. The results show investment costs, demand side costs, generator operating costs 
and relevant total system costs and clearly demonstrate that by considering the utilisation cost 
reduction condition, demand side action becomes more competitive, which has an effect on 
reduction of both, investment and total system costs. 
 
Table 6.7 Results in corrective mode. 
Utilisation cost 
(£/kWh) 
Investment 
costs (£) 
Operating generator  
costs (£) 
Demand side 
corrective actions 
costs (£) 
Total system 
costs (£) 
200 22,553,544 143,113,619 0 165,667,163 
150 22,548,046 143,113,801 4,207 165,666,055 
100 22,524,567 143,115,905 19,788 165,660,260 
40 22,451,694 143,132,442 38,072 165,622,209 
35 22,445,639 143,135,259 36,761 165,617,660 
30 22,411,141 143,142,868 57,101 165,611,109 
20 22,325,239 143,146,896 104,285 165,576,420 
15 22,263,675 143,164,061 117,220 165,544,956 
10 22,181,412 143,173,632 138,939 165,493,983 
5 22,117,912 143,176,969 114,145 165,409,026 
1 21,969,880 143,220,855 63,310 165,254,045 
0.5 21,944,896 143,227,971 45,503 165,218,370 
 
 
Four different situations of the same case study – with utilisation cost of about £10/kWh 
where the total cost corrective actions reaches a maximum value – were gradually developed 
and their results highlighted. The Table 6.9 starts with results for the intact base system. Then 
it follows the case in preventive mode including optimization of QBs taps only (no demand 
side corrective action available). In the last two rows corrective mode cases are compared; 
one only with QBs while the second includes QBs and demand side participation. It is evident 
that simultaneous corrective actions (demand side and QBs) bring the biggest benefit to the 
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system i.e. reduction of total system cost and transmission investment cost is bigger than 
corrective mode with only optimisation of QBs. These results are shown in Table 6.8. 
 
Table 6.8 Simultaneous corrective actions (QBs and demand side). 
 Investment 
costs (£) 
Demand side 
corrective actions 
costs (£) 
Generator operating 
costs (£) 
Total system 
costs (£) 
Base Case – security constraint 22,553,412 0 143,114,624 165,668,036 
Preventive mode 
 (only QBs, no demand side 
corrective actions) 
 
21,834,859 
 
0 
 
143,122,889 
 
164,957,748 
Corrective mode 
(only QBs, no demand side 
corrective actions) 
 
21,104,162 
 
0 
 
142,957,720 
 
164,061,882 
Corrective mode 
(simultaneous action –
optimisation of QBs and demand 
side corrective actions) 
 
17,934,881 
 
511,628 
 
142,988,880 
 
161,435,389 
 
It can be concluded that controlling the transmission network by corrective action could be 
significant, but it will strongly depend on the level of existing transmission capacity (system 
stress) and generation fuel cost differentials. The value of corrective actions in this case 
would be limited by the operating and investment cost of the conventional preventive control 
approach (out-of-merit generation costs and transmission investment costs).  
 
Site dependant value  
 
In order to demonstrate the site dependency of the value of demand side corrective actions, 
the uniform utilisation cost was gradually decreased from a £20/kWh to value of £1/kWh. At 
a price of 20 £/kWh, corrective action is used at nine buses and at price of £1/kWh at 14 
buses. These actions are selected because demand side at these buses directly reduce the flow 
through lines which become heavily congested after these outages.   
 
 
Table 6.9 shows how, as the utilisation cost is reduced, the number of buses where corrective 
actions are implemented, the number of contingencies for which they are needed and the 
number of load periods during which they take place, they all increase. 
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Table 6.9 Effect of utilisation cost on the number of buses, number of contingencies and the 
number of demand periods where corrective actions are used. 
Utilisation cost  (£/kWh) Number of buses Number of contingencies Number of load Periods 
20 9 8 31 
1 14 9 40 
 
6.4.2 Remarks on 24-IEEE reliability test system 
 
In this part the impact of post-contingency corrective control actions of transmission 
investment costs and total system costs on a complex 24 bus system has been presented. A 
number of case studies demonstrated effectiveness of simultaneous action of corrective 
control. In particular it has been shown that using corrective actions can significantly reduce 
the total cost of security and total transmission investment costs.  
 
It is important to emphasize that demand side corrective services that are available correspond 
to different time frames or different periods. In this case a methodology for coordinated multi- 
period demand side corrective action is presented.  
 
It can be seen that simultaneous action of QBs and demand side corrective actions brings to 
the system the following benefits: 
 
 total security cost reduction  
 transmission investment costs reduction 
 operating generator costs reduction. 
 
Two main characteristics of QBs have been found and that are important to mention: a QB 
can either block the flow on weak line in order to protect it or balance the flows between 
parallel paths in the corridor in order increase its loadability. Multiple QBs have a certain 
influence on one another. In some cases, the influence is positive and the QBs collaborate 
creating extra gain.  
 
The results demonstrate, in the context of the planning of transmission system, that the 
simultaneous operation of QBs and demand side provides flexible means towards making 
greater use of existing transmission using assets and reduced transmission investment 
requirements. This is achieved to the best effect by the appropriate use of optimisation tools to 
calculate the optimum tap of multiple interacting quadrature boosters and optimal demand 
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side corrective actions. In the context of the future British transmission network, given the 
dominant north–south power flows, installing significant amounts of renewable generation in 
the north of the country would increase the stress on the transmission network, and therefore 
the value of corrective control in the south of the country would increase. Recent advances in 
ICT could, in the near future, facilitate the change in operating philosophy from preventive to 
corrective control. 
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CHAPTER 7 
Conclusion and Future Research 
This thesis has explored significant issues relating to the capacity requirements of a power 
transmission system with growing penetration of renewable generation (such as wind power) 
and the and capitalising on the benefits of post-contingency corrective control both of which 
are currently challenging the way under transmission networks are planned and operated. In 
recent years, transmission capacity planning has become more uncertain with the complexities 
of accounting for the variability of renewable generation in an efficient manner. This thesis 
was based on the premise that the current deterministic tools for transmission planning are 
sub-optimal when considered against the practical requirements a modern power system is 
facing today. Therefore, the transmission planning process needs to be more flexible, efficient 
and able to respond to the challenges and opportunities presented by evolving technologies 
and techniques. Concentrating on the latter, this thesis has developed a methodology of 
investigation, which is based on a set of techniques such as numerical codes, elements of 
wind modelling, optimal allocation of generation reserve and post-contingency corrective 
devices. These techniques serve to obtain cost-benefit solutions for optimal transmission 
capacity. These solutions are then utilized to enable improvements in the use of transmission 
facilities and consequently decrease the demand for new investments. Figure 7.1 shows a 
sketch of how the present thesis is structured. 
 
Figure 7.1 Sketch of the thesis structure. 
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7.1 Achievements and Contributions of This Research  
 
Viewed in terms of the objectives that were set out in Chapter 1 and following the structure of 
the thesis development, the main achievements and contributions of this research to the 
transmission planning problem are presented as follows  
 
 Determination of optimal transmission capacity   
Provision of transmission network services is normally connected to three cost components (i) 
capital cost, or cost associated to network investment (ii) operating cost connected with 
network constraints (when generators need to run out of merit order) and (iii) losses incurred 
in transporting power from generation to load are as well part of the cost. As investment costs 
are generally considered the largest and least flexible component of network services, this 
thesis has focused on investigating optimisation of this component while considering 
associated operating costs.  Losses were not addressed in this work and therefore left as a 
subject for further research.  
 
Central and essential to this thesis was the development of a robust SC - DC optimal power 
flow based algorithm for determining optimal transmission capacity. The algorithm takes the 
following important aspects of network design into account:  
 
 multiple demand levels (variation of demand) 
 network security constraints (N-k contingency) 
 generator constraints (N-k contingency) 
 generator operating constraints (minimum and maximum generation) 
 line thermal limits 
 inclusion of wind modelling  
 inclusion of  generation reserve as corrective action  
 optimal allocation of generation reserve 
 demand side corrective actions 
 optimising QBs taps in preventive mode 
 optimising QBs taps in corrective mode 
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This list includes several novel aspects not considered in previous works. Specifically the 
algorithm has been developed for this thesis to: 
 Extend previous simple contingency treatments (e.g. N-1) to a more general N-k 
contingency; and, 
 Include wind modelling as a factor influencing quantitatively the transmission capacity; 
and, 
 Optimally allocate generation reserve; and, 
 Optimize Quadrature Booster taps in corrective mode in addition to the preventive mode 
treatments found in the literature. 
 
Based on the list presented above, the overall problem was formulated computationally as an 
optimisation problem intended to minimise the sum of annual generator operating costs and 
annuitised cost of transmission investment over multiple demand levels while subject to 
network security constraints, generation and reserve limitations.  
 
In order to handle the large-scale nature of the optimisation problem, the algorithm uses the 
optimisation solver DashXpress mathematical model. The use of this commercial code was in 
itself uncomplicated as it was user friendly, which permitted more time to be focused on 
aspects relevant to the correct formulation of the transmission system problem, the strategy 
for power system data input as well as the correct selection and presentation of the power 
system solutions rather than creation of the basic computational tool. Developing these 
aspects involved the development and writing of additional code lines to be able to run the 
solver smoothly.  
 
 Transmission investment for a system with wind generation 
A key feature and a major innovation of the proposed methodology is the introduction of 
wind generation in the modelling process for determining optimal network capacity. As the 
methodology is based on cost benefit, wind generation is generally not curtailed in the system.    
 
Transmission network capacity for economic efficiency was calculated based on cost-benefit 
analysis to determine economically optimal investment. By conducting such analysis, 
decisions taken to reinforce transmission can be justified if the savings in the marginal 
reduction in out of merit generation cost caused by penetration of new wind generation are 
greater than the marginal transmission network investment cost.  
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The most important message conveyed by the obtained result is that the developed 
methodology gives the possibility of determining the drivers for transmission capacity in a 
system that includes wind generation. However, under this methodology, the cost of 
transmission infrastructure and the cost of constraints are the key drivers for decisions 
associated with network reinforcement. 
 
Furthermore, the cost-benefit approach illustrates that economically efficient transmission 
investment is made when the opportunities for sharing of transmission between different 
generating resources are recognised e.g. wind generation and conventional generation. The 
cost-benefit analysis has shown that the contribution of wind generation to the use of its 
shared capacity is less than the corresponding from the conventional generation. In other 
words, on windy days the capacity of transmission corridor between Scotland and England is 
primarily used to transport wind power, while on non-windy days, this capacity would be 
used to export energy from conventional plant. The performed cost-benefit analysis 
demonstrates that it is more economic to invest in transmission network reinforcement than 
constrain wind generation significantly. This is the answer to first research question. 
 
 Transmission capacity for generation reserve requirements  
Another major contribution of this thesis has been to identify and characterise the relevance of 
transmission capacity to the optimal allocation of generation reserve. Accessing available 
generation reserve was found to be an important factor influencing the establishing of the 
adequate transmission capacity of the network. This relevance can be observed by considering 
the economic impact when transmission capacity is inadequate to allow cost effective remote 
generation reserve to serve the demand.  
 
This thesis has also demonstrated that value is gained by using standing reserve to provide the 
greater part of the additional generation/demand balancing required by uncertainly in wind 
generation forecast. Providing more of the increased reserve requirement from standing 
sources increases efficiency of system operation, enhances wind power absorption and 
achieves lower total operating cost. Generally, increasing the allocation of standing reserve in 
preference to holding increased spinning reserve is a driver to higher transmission capacity in 
a system with increasing levels of wind generation forecasting risk, which is the answer to 
the second research question.  
 
 
CHAPTER 7: Conclusion and Future Research 161
 Formulating a generalised N-k contingency  
The inclusion of wind modelling into the transmission planning framework with the need to 
investigate the correlation between generation reserve and transmission planning further 
development of the model for the SC DC - OPF system were necessary. These changes 
involved the formulation of a larger optimization problem with more constraints requiring 
corresponding development of the computational code. This development of computational 
code to facilitate the determination of the required transmission capacity to access the 
standing generation reserve considering generalised N-k generation contingencies is an 
important contribution to research techniques resulting from this thesis.  
 
 
 Benefit of corrective security actions – demand side participations 
and optimising quadrature boosters taps 
The inclusion of post-contingency corrective control into transmission planning methodology 
not only upgrades this proposed methodology but it also represents a unique contribution of 
this research to the topic of transmission planning. The realization of these corrective controls 
was achieved through the implementation of phase-shifters (e.g. QBs) and demand side 
corrective actions. With corrective control actions in post-contingency mode, the flows in 
heavily loaded lines were reduced, which resulted in the increased loadability of the network, 
reduced cost of production and, consequently, delayed reinforcement requirement for 
transmission investment. The proposed implementation encourages simultaneous use of both 
proposed post-contingency corrective actions to maximise effectiveness. The most critical 
consideration is that the level of system security is not jeopardised. This is answers to the 
third research question. 
 
When preventive actions (in the sense of the active power flow control in the networks) were 
compared with the simultaneous action of demand side and quadrature boosters in corrective 
mode, the latter was shown to be more cost effective.  
 
Given the complex routing restrictions and environmental problems connected with the 
construction of new lines, post-contingency corrective demand side and QBs control solutions 
were applied to the current GB transmission network. This application was found to provide a 
significant and cost effective contribution to the solution of present-day needs of the system. 
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7.2 Directions for Future Work 
 
The principle goal of this thesis was to provide a comprehensive transmission planning tool, 
which considers wind modelling, optimal allocation of generation reserve and post-
contingency corrective security actions, namely demand side and quadrature boosters.  
Despite the major contributions made by this thesis towards the ultimate goal, there is still 
room for further improvement and expansion to the methodology. Analogously to Figure 7.1 
(which sketched the structure of this thesis) in Figure 7.2 possible future work is also 
sketched.   
 
 
Figure 7.2 Sketch of the future work. 
 
The basic ideas for future research or aspects that still have to be developed within the area of 
transmission planning are the following:  
 
 The sizing and location of new generators cause major uncertainties in planning  
 New planning methods are required (e.g., probabilistic planning methods, multi-scenario 
analysis, collaborative approaches)  
 Inclusion of dynamic constraints such as the ramp-rate limits of generating units in 
modelling 
 The connection between transmission planning and generation expansion, especially 
integration of renewable sources into the network. This is compounded by large levels of 
uncertainty in the information concerning generation expansion and the cost of the 
expansion options which form the primary input data for cost benefit analysis. 
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 Full AC model will be required to deal accurately with voltage constraints and reactive 
power.  
 Introduction of other flexible devices in corrective mode such as DC links within the AC 
network and variable series compensation.  
 Alternative options to increase transmission capacity like redesigning or rearranging 
network topology and upgrading existing infrastructure components to mention a few, are 
not considered by the planning algorithm.  
 Review of reliability, security and quality criteria imposed to transmission planning and 
their economic implications to follow the frequent changes occurring within the network 
in general.  
 
Perhaps the most challenging aspects to delivering a comprehensive transmission planning 
methodology are the political and commercial uncertainties.  Development of transmission is 
seen in a different way by each of the market participants and industry stakeholders creating a 
sensitive problem involving perception. The different decision makers with shifting levels of 
political influence also shape the transmission expansion process in non uniform ways. The 
competitive market gives value to information restricting its circulation thereby leading to 
large uncertainty levels when planning. These diverse factors make it a necessity to take into 
consideration a great variety of scenarios (e.g., demand, fuel cost, unserved power cost, 
entrance date of new facilities, availability of the system elements, electricity prices).  
 
In addition to these complexities, the current state-of-art mathematical optimisation models 
have intrinsic limitations meaning there is: no guarantee of convergence of DC load flows and 
unreasonable large computational times when discrete variables are used.  
 
The current transmission planning models including the one presented in this thesis, present 
various limitations when applied to solving actual transmission planning problems. A major 
reason for this is the huge number of factors and parameters involved in an advanced 
transmission planning model. The complexity involved makes prospective reliable delivery of 
solutions to real cases difficult to obtain. At present the transmission planning problem is 
better viewed as a matter of “decision making” rather than solely regarded as a result of 
“optimisation”. 
 
However computational methods are becoming more advanced and efficient. In the future, 
these tools in combination with more active research in the subject related to this thesis may 
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reasonably be expected to provide at least some solutions and more insight into the 
transmission planning topics described above.  
 
The author hopes that the methodology developed in this thesis will serve as a seed to some of 
these further developments. If the reader uses some of the ideas or tools developed in this 
research in his/her particular transmission planning problem, then the aims initially planned in 
the beginning of this thesis will surely been accomplished.  
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Figure A-1 IEEE 24-BUS Reliability Test System. 
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Table A-1 Network data for modified IEEE 24-bus Reliability Test System.  
 
Line number Sending bus 
Receiving 
bus 
Reactance p.u on MVA 
base Length (km) 
Transmission 
Investment cost 
(£/MW/km/year) 
1 1 2 0.0139 3 30 
2 1 3 0.2112 55 30 
3 1 5 0.0845 22 30 
4 2 4 0.1267 33 30 
5 2 6 0.192 50 30 
6 3 9 0.119 31 30 
7 3 24 0.0839 50 30 
8 4 9 0.1037 27 30 
9 5 10 0.0883 23 30 
10 6 10 0.0605 16 30 
11 7 8 0.0614 16 30 
12 8 9 0.1651 43 30 
13 8 10 0.1651 43 30 
14 9 11 0.0839 50 30 
15 9 12 0.0839 50 30 
16 10 11 0.0839 50 30 
17 10 12 0.0839 50 30 
18 11 13 0.0476 33 30 
19 11 14 0.0418 29 30 
20 12 13 0.0476 33 30 
21 12 23 0.0966 67 30 
22 13 23 0.0865 60 30 
23 14 16 0.0389 27 30 
24 15 16 0.0173 12 30 
25 15 21 0.049 34 30 
26 15 21 0.049 34 30 
27 15 24 0.0519 36 30 
28 16 17 0.0259 18 30 
29 16 19 0.0231 16 30 
30 21 22 0.0678 47 30 
31 17 18 0.0144 10 30 
32 17 22 0.1053 73 30 
33 18 21 0.0259 18 30 
34 18 21 0.0259 18 30 
35 19 20 0.0396 27.5 30 
36 19 20 0.0396 27.5 30 
37 20 23 0.0216 15 30 
38 20 23 0.0216 15 30 
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Table A-2 Demand data for IEEE 24-bus Reliability Test System. 
 
Bus number Peak demand (MW) 
1 108 
2 97 
3 180 
4 74 
5 71 
6 136 
7 125 
8 171 
9 175 
10 195 
11 0 
12 0 
13 265 
14 194 
15 317 
16 100 
17 0 
18 333 
19 181 
20 128 
21 0 
22 0 
23 0 
24 0 
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Table A-3 Generation data for modified IEEE 24-bus Reliability Test System. 
 
Generator 
number 
Location 
bus 
number 
Maximum 
output (MW) Minimum output (MW) 
Operating cost 
in £/MWh 
1 1 20 0 50 
2 1 20 0 50 
3 1 76 0 15 
4 1 76 0 15 
5 2 20 0 50 
6 2 20 0 50 
7 2 76 0 15 
8 2 76 0 15 
9 7 100 0 24 
10 7 100 0 24 
11 7 100 0 24 
12 13 197 0 23 
13 13 197 0 23 
14 13 197 0 23 
15 15 12 0 29 
16 15 12 0 29 
17 15 12 0 29 
18 15 12 0 29 
19 15 12 0 29 
20 15 155 0 12 
21 16 155 0 12 
22 18 400 0 6 
23 21 400 0 6 
24 22 60 0 0 
25 22 60 0 0 
26 22 60 0 0 
27 22 60 0 0 
28 22 60 0 0 
29 23 155 0 12 
30 23 155 0 12 
31 23 350 0 12 
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Table A-4 Load duration curve (50 periods) sampling data for IEEE 24-bus Reliability Test System. 
 
 
Demand  
period 
Load 
level as 
% of 
peak 
demand 
(MW) 
Durations 
in hours 
1 100 15 
2 96.8 15 
3 95.7 20 
4 94.6 5 
5 93.6 5 
6 91.4 5 
7 86 245 
8 83.9 5 
9 82.8 435 
10 81.7 530 
11 80.7 80 
12 79.6 65 
13 78.5 275 
14 76.4 130 
15 75.3 130 
16 74.2 85 
17 73.2 5 
18 72.1 320 
19 71 220 
20 69.9 110 
21 68.6 254 
22 67.8 149 
23 66.7 364 
24 65.6 26 
25 64.6 444 
 
Demand  
period 
Load 
level as 
% of 
peak 
demand 
(MW) 
Durations 
in hours 
26 63.5 234 
27 62.4 185 
28 61.3 204 
29 60.3 208 
30 59.2 255 
31 58.1 190 
32 57 70 
33 56 60 
34 54.9 238 
35 53.8 122 
36 52.7 270 
37 51.7 606 
38 50.6 198 
39 49.5 143 
40 48.5 278 
41 47.4 154 
42 46.3 164 
43 45.2 348 
44 44.2 34 
45 43.1 316 
46 42 250 
47 40.9 52 
48 39.9 44 
49 38.8 44 
50 37.7 132 
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Table A-5 Load duration curve (40 periods) for IEEE 24-bus Reliability Test System. 
 
 
Demand  
period 
Load 
level as 
% of 
peak 
demand 
(MW) 
Durations 
in hours 
1 100 50 
2 94.6 15 
3 86 250 
4 82.8 435 
5 81.7 530 
6 80.7 80 
7 79.6 65 
8 78.5 275 
9 76.4 130 
10 75.3 130 
11 74.2 90 
12 72.1 320 
13 71 220 
14 69.9 110 
15 68.6 254 
16 67.8 149 
17 66.7 390 
18 64.6 444 
19 63.5 234 
20 62.4 185 
 
Demand  
period 
Load 
level as 
% of 
peak 
demand 
(MW) 
Durations 
in hours 
21 61.3 204 
22 60.3 208 
23 59.2 255 
24 58.1 190 
25 57 70 
26 56 60 
27 54.9 238 
28 53.8 122 
29 52.7 270 
30 51.7 606 
31 50.6 198 
32 49.5 143 
33 48.5 278 
34 47.4 154 
35 46.3 164 
36 45.2 382 
37 43.1 316 
38 42 250 
39 40.9 96 
40 37.7 176 
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Table B-1 Major transfer boundaries. 
Boundary From Area To Area Length (Km) 
TB 1 NW-SHETL N-SHETL 53 
TB 2 N-SHETL S-SHETL 42 
TB 3 S-SHETL N-SPTL 120 
TB 4 N-SPTL S-SPTL 35 
TB 5 S-SPTL UN-E&W 72 
TB 6 UN-E&W N-E&W 130 
TB 7 NW-E&W N-E&W 67 
TB 8 NE-E&W N-E&W 30 
TB 9 N-E&W M-E&W 93 
TB 10 MW-E&W M-E&W 75 
TB 11 ME-E&W M-E&W 45 
TB 12 M-E&W S-E&W 155 
TB 13 SW-E&W S-E&W 195 
TB 14 SE-E&W S-E&W 60 
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Table B-2 Generation capacity and demand forecast for the case study with 10 GW and 15 GW of wind 
in Scotland. 
Location Area Wind Generation Conventional Generation Peak Demand 
(MW) (MW) (MW) 
Scotland NW-SHETL 3572 / 5358 1000 614 
N-SHETL 1843 / 2764 1500 586 
S-SHETL 1144 / 1716 500 716 
N-SPTL 0 2500 1239 
S-SPTL 3441 / 5162 4000 3318 
Total Scotland 10000 / 15000 9500 6473 
England & 
Wales (E&W) 
UN-E&W 0 4500 3561 
NW-E&W 0 10000 8383 
NE-E&W 0 13500 6638 
N-E&W 0 0 0 
MW-E&W 0 4000 8798 
ME-E&W 0 7000 820 
M-E&W 0 0 0 
SW-E&W 0 15000 13373 
SE-E&W 3000 14000 8639 
S-E&W 0 5000 11005 
Total E&W 3000 73000 61217 
Total 13000/ 18000 82500 67690 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
